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ABSTRACT
Tall fescue is the primary cool season perennial forage grass in the
southeastern US for grazing livestock. Tall fescue is known to be drought
tolerant, disease resistant, grazing tolerant and overall very hardy. Many of these
attributes common to fescue are due to a symbiotic relationship between the
fescue plant and an endophyte, Epichloë coenophiala, which produces a class of
mycotoxins known as ergot alkaloids. These ergot alkaloids are similar in
structure to several biogenic amines, such as epinephrine, norepinephrine, and
dopamine. When consumed, ergot alkaloids cause a syndrome known as fescue
toxicosis which causes problems with weight gain and reproduction and is known
to suppress circulating prolactin concentrations. Ergovaline, the predominant
ergot alkaloid found in endophyte-infected tall fescue, is a potent vasoconstrictor
and could impair uteroplacental blood flow during gestation.
Three live animal experiments, two histological studies, and one gene
expression project were conducted to determine the effect of ergot alkaloids on
uteroplacental development and fetal growth. The first study sought to determine
how feeding endophyte-infected (E+) or endophyte-free (E-) tall fescue seed
during MID (d 35 – 85) and LATE (d 86 – 133) gestation would alter maternal
performance and placental development. Results suggested that exposure to
ergot alkaloids during LATE gestation had the greatest impact on placental
development as indicated by placentome weight. The resulting placental
insufficiency reduced total fetal weight per ewe by 15% for ewes on E+ fescue
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seed during LATE gestation. It was hypothesized that exposure to E+ fescue seed
during LATE gestation stunts development of the placenta, likely due to the
vasoconstrictive effects of ergot alkaloids, during the crucial period of placental
remodeling when the majority of fetal growth occurs.
The second study analyzed gene expression through the use of
RNAsequencing technology to assess differences in the cotyledonary
transcriptome of ewes consuming E+ fescue seed treatment from d 35 – 133 of
gestation. This study concluded that, at d 133 of gestation, vascular and growth
factors were not impacted based on E+ fescue seed treatment. Clusters of
upregulated genes associated with responses to glucose, carbohydrates, and
xenobiotic stimuli and lipid and protein metabolism were upregulated in ewes on
E+ fescue treatment from d 35 – 133 of gestation. The complement and
coagulation cascade and PPAR signaling pathway were also found to be enriched
for ewes on E+ treatment. The increase in protein and lipid metabolism for ewes
on E+ fescue seed treatment may work to supply the fetus with additional
substrates. Additionally, an upregulation in carbohydrate biosynthesis and
enrichment of the coagulation and complement cascade have been linked to
placental insufficiency in humans and was also noted for ewes on E+ fescue seed
treatment.
The third study, the initial histological evaluation, sought to assess how
feeding tall fescue seed containing ergot alkaloids from d 35 – 133 of gestation
affects the structure and vascular development of the ovine placenta. Regions of
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residual amorphous connective tissue within the fetal villi and the luminal vessel
area were increased in the placentome of ewes on E+ fescue treatment. This
suggests that exposure to ergot alkaloids from d 35 – 133 of gestation slowed
placental remodeling and altered vasculature development of the ovine placenta
which may limit the capacity for fetal growth during late gestation.
The second live animal project focused on how feeding tall fescue seed
containing ergot alkaloids during MID and/or LATE gestation alters parturition
and maternal characteristics, mammary development and lactation, and lamb
growth pre- and post-weaning. All E+ fescue seed treatments (E-/E+, E+/E-, and
E+/E+) experienced depressed milk production by 65 – 85% compared to E-/Etreatment. LATE gestational exposure appeared to have a greater impact
immediately following parturition while MID gestational exposure limited the
capacity for long term production. Additionally, E+/E+ fescue seed treated dams
produced lambs with reduced weaning weights and overall ADG through the preweaning period as well as a reduced likelihood of successful breeding during their
first year.
The final live animal project, which also includes a histological evaluation,
sought to evaluate the impact that ergot alkaloid consumption has on
fetoplacental growth and development at multiple stages during the LATE
gestational period using serially harvested sheep. This study concluded that
exposure to E+ fescue seed beginning at d 86 of gestation stunts the placental
remodeling process thereby limiting the capacity for nutrient exchange to the
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fetus. It was hypothesized that the placental insult caused by exposure to ergot
alkaloids found in E+ fescue seed occurs fairly quickly post exposure and is
noticeable by d 110 of gestation. Though the placenta appears compensate by d
133, the previously reported reductions in fetal weight at d 133 and in birth
weight may represent the placenta’s inability to compensate for the earlier period
of restricted fetal growth.
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Chapter 1

TALL FESCUE AND THE PHYSIOLOGICAL BASIS
OF FESCUE TOXICITTY

1.1 HISTORY OF KENTUCKY-31 TALL FESCUE
Tall fescue [Lolium arundinaceum (Schreb.) Darbysh] is the primary cool
season perennial forage grass for livestock in the United States occupying more
than 14 million hectares (Stuedemann and Hoveland, 1988). Native to Europe,
tall fescue was most likely introduced to North America prior to 1800 as a
contaminate in meadow fescue seed imported from England (Kennedy, 1900;
Vinall, 1909) and by the late 19th century, fescue had established itself as “an
exceedingly valuable grass for mowing or pasture” (Lamson-Scribner, 1986). In
1931, Dr. E. N. Fergus, a professor at the University of Kentucky, discovered a
thriving fescue stand in the steep mountain pastures of eastern Kentucky.
Impressed with its ability to remain green through harsh winters, Dr. Fergus
began seed trials. After years of testing, the Kentucky 31 cultivar was released in
1943 and recognized as a superior forage grass soon after (Fergus, 1952; Fergus
and Buckner, 1972). Due to its adaptability and persistence, fescue became a
popular pasture grass that could be grazed through most of the year and was
widely planted in the 1940s and 1950s (Hoveland, 2009).
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1.2 FESCUE TOXICITY
As popularity of Tall Fescue grew, so did reports concerning health issues
with livestock (Pratt and Haynes, 1950). Three primary syndromes became
associated with exposure to tall fescue: fescue foot, bovine fat necrosis, and
fescue toxicity (Stuedemann and Hoveland, 1988). Cattle grazing fescue in
regions with colder winters often experienced fescue foot in which severe
gangrene resulted in the loss of tails, ears, teats, and hooves (Cunningham, 1949;
Stuedemann and Hoveland, 1988). Bovine fat necrosis occurred when high levels
of nitrogen fertilizer were applied to fescue pastures prior to grazing. This
resulted in the accumulation of fat along the intestinal tract which disrupted
digestion and lead to dystocia in gestating cattle (Bush et al., 1979). Fescue
toxicity, also referred to as summer slump, presented with a variety of
physiological symptoms that appeared exacerbated during hot summer months.
These symptoms included rough hair coats, heat intolerance, poor average daily
gains, reduced feed intake, low conception rates, and reduced milk production or,
in some species, total agalactia (Hoveland et al., 1984; Stuedemann and
Hoveland, 1988). Collectively, these syndromes and symptoms became
associated with fescue exposure, though the underlying issue was yet to be
elucidated. Even with reports of poor animal performance, the wide spread
planting of tall fescue continued.
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1.3 DISCOVERY OF THE ENDOPHYTE
In 1973, Dr. J.D. Robbins, a toxicologist at the USDA Russell Research
Center in Athens, GA, began researching the possibility of tall fescue containing
an endophyte. Robbins and his associates confirmed the presence of an
endophyte in tall fescue and proposed that the endophyte was the causal agent in
fescue toxicity (Robbins, 1983). In June 1973, while visiting a farm outside
Mansfield, GA, Robbins noted that only one out of several fescue pastures
contained cattle with symptoms of fescue toxicity (Robbins, 1983). Upon testing
the pastures for the presence of the endophyte, C.B. Bacon, a mycologist at the
Russell Center, discovered that the pasture housing symptomatic cattle had an
endophyte infection rate of 100% while the infection rates of the other pastures
were much lower (Bacon et al., 1977). Several follow up studies were conducted
looking at the rate of endophyte infection with cattle health and performance. In
1983, after a four year grazing trial in Alabama, Hoveland confidently concluded
that the symptoms associated with fescue toxicity were a result of the endophyte
presence within tall fescue (Hoveland et al., 1983).
While this conclusion continued to be debated among scientists and the
utilization of traditional tall fescue remained popular, this did not stop the
production of new, endophyte-free varieties. Initial trials of endophyte-free
cultivars resulted in superior animal performance without any negative
symptoms, but the breakthrough was short-lived (Hoveland, 2009). From the
beginning, fescue was hailed for its drought and parasite resistance, grazing
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tolerance, and overall hardiness, but the newly developed endophyte-free strains
failed to keep pace with traditional fescue stands and often died off over a period
of a couple years (Gunter and Beck, 2004). This was due to the mutualistic
relationship between the fungal endophyte and tall fescue in which the endophyte
offers additional protective mechanisms and the fescue plant satisfies the
nutritional requirements of the endophyte (Christensen and Voisey, 2009). The
endophyte discovered within tall fescue by Bacon in 1973 is known most
commonly as Neotyphodium coenophialum, but was recently reclassified as
Epichloe coenophiala (Leuchtmann et al., 2014). Complete removal of the
endophyte revealed that the praised characteristics of tall fescue are actually
attributed to its relationship with the fungal endophyte and, even more so, the
alkaloids the endophyte produces (Thompson et al., 2001).

1.4 ERGOT ALKALOIDS
Several classes of mycotoxins (peramine, loline, and ergot alkaloids) are
produced by Epichloe coenophiala and other Epichloe species. These mycotoxins
have been intensively investigated as causative agents for the negative side effects
seen in cases of tall fescue toxicosis (Porter, 1995). The ergot alkaloids produced
by Epichloe species consist of three main classes: clavines, lysergic acids and
their derivatives, and ergopeptines (Strickland et al., 2011).
Clavines are the simplest group of alkaloids and lack the amide-linked side
chain seen in other classes. While there are some endophyte species that produce
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clavines in lieu of lysergic acid, clavines are often biosynthetic or lysergic acid
pathway intermediates (Porter, 1995; Schardl et al., 2006). Clavines have been
identified in tall fescue grass, but are rarely the focus of fescue toxicosis
pathophysiology (Porter et al., 1979; Lyons et al., 1986). Interestingly, current
research points to the clavines as having a protective function directed towards
bacteria that may benefit both the endophyte and the host plant (Panaccione,
2005).
Lysergic acid and lysergic acid amines are tetracyclic compounds that
contain a common ergoline core while ergopeptines are complex lysergic acid
derivatives (Young et al., 2015). In 1986, five distinct ergopeptine alkaloids were
discovered in endophyte-infected tall fescue: ergovaline, ergosine, ergonine,
ergopeptine, and ergocornine (Lyons et al., 1986). Since then the list of potential
bioactive mycotoxins produced by Epichloe species have grown to include a
variety of complex lysergic acid derivatives and ergopeptide compounds. Lysergic
acid, ergovaline, and ergotamine, several common ergot alkaloids mentioned
throughout this literature review, can be seen in Figure 1.1. Evolutionarily, ergot
alkaloid production may have been a protective mechanism against insect species
since several alkaloids are biologically active and work to deter herbivory (Clay,
1989; Seigel et al., 1991). This also translates to the grazing tolerance of fescue in
pasture settings. An indirect side effect of this was the ability for the plant to
better retain leaves, tillers, and roots in order to more effectively handle stressful
conditions such as drought and high temperatures (Fribourg and Milne, 2009).
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The first attempt at solving the problem with fescue toxicosis was removal of the
endophyte in order to eliminate all production of ergot alkaloids within the plant,
but, while this alleviated symptoms of fescue toxicosis, the endophyte-free tall
fescue was more susceptible to grazing pressures, pests, and environmental
stressors (Fribourg and Milne, 2009). After experimentation with endophyte-free
varieties, it became clear that both the endophyte and at least some of its
alkaloids were crucial for the survivability of tall fescue, especially under grazing
pressure.

1.5 BIOLOGICAL ACTIVITY OF ERGOT ALKALOIDS
It was first reported in 1980 that the biological activity of ergot alkaloids
originates from their common tetracyclic ergoline ring which is similar in
structure to several biogenic amines such as norepinephrine, serotonin, and as
seen in Figure 1.2 (Berde, 1980; Weber, 1980). Since then, research has shown
that the relationship between ergot alkaloids and the biogenic amine receptors
they act on is both widely complex and incredibly remarkable. Lysergic acid and
lysergic acid amines consist primarily of the tetracyclic ergoline ring structure
with minimal branching. In contrast, ergopeptine compounds are complex,
branched, lysergic acid derivatives composed of lysergic acid and a tripeptide
moiety containing various amino acids (Flieger et al., 1997). The tetracyclic
ergoline structure is consistent with several features of the monoamine
neurotransmitters, (norepinephrine, serotonin, and dopamine among others)
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and it is not surprising that many naturally occurring and (semi)synthetic
ergolines have been shown to act as agonists, partial agonists or antagonists at
receptors for these neurotransmitters. The large number of receptor families and
subtypes coupled with the receptor heterogeneity of ergot alkaloids makes
understanding the physiological implications difficult. Ergot alkaloids may work
as agonists, partial agonists, or antagonists at the same receptor site (Berde,
1980). Additionally, a single ergot alkaloid may bind multiple receptors (Berde,
1978). This creates a great number of potential alkaloid-receptor interactions and
a diverse collection of physiological symptoms (Klotz, 2015). Most notably,
several ergot alkaloids work as potent agonists on three primary receptor types –
the D2 dopaminergic receptor, the α-2 adrenergic receptor, and the 5HT2
serotonergic receptor (Strickland et al., 2011; Klotz, 2015). These G-proteincoupled receptors are embedded in the phospholipid bilayer of cells in numerous
tissues throughout the body and work to relay a signal across the membrane in
order to illicit a cellular response (Rosenbaum et al., 2009).

1.6 ERGOVALINE
Early on in 1986, it was discovered that approximately 90% of the
ergopeptide content of fescue is made up of ergovaline (Lyons et al., 1986).
Because of this, ergovaline was pinpointed as the causative alkaloid responsible
for fescue toxicosis symptoms simply due to its prevalence (Porter and
Thompson, 1992; Porter, 1995). While this has been debated in the past, several

7

key studies have supported ergovaline as the causative ergot alkaloid in fescue
toxicosis. Not only was ergovaline found to be a potent dopaminergic agonist, but
it was also discovered that ergopeptide alkaloids have a 10-times greater binding
potency for dopaminergic receptors than lysergic acid amides and ergoline
alkaloids (Larson, 1997). In the case of vasoconstriction, ergovaline has been
shown to be approximately 1,000-fold more potent and has a 5-fold increase in
binding capacity compared to lysergic acid (Klotz et al., 2006; Klotz et al., 2007).
While ergotamine was found to have similar contractile responses compared to
ergovaline, the prevalence of ergovaline in fescue most likely results in ergovaline
playing a more important role in the manifestation of symptoms (Klotz et al.,
2007)

1.7 PHYSIOLOGICAL BASIS OF FESCUE TOXICOSIS
Ergot alkaloids work as potent agonists on three primary receptor types –
the D2 dopaminergic receptor, the α-2 adrenergic receptor, and the 5HT2
serotonergic receptor (Strickland et al., 2011; Klotz, 2015). For the sake of
simplicity, this review will cover the specific ergot alkaloid-receptor interactions
associated with the more well-known symptoms of fescue toxicity. The majority
of physiological symptoms can be tied to hypoprolactinemia and/or
vasoconstriction.
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1.7.1 Hypoprolactinemia
Reductions in serum prolactin concentrations have been utilized as an
indicator of ergot alkaloid exposure since the 1980s and have been reported in
cattle (Hurley et al., 1980; Emile et al., 2000; Koontz et al., 2012; Stowe et al.,
2013), horses (McCann et al., 1992), and sheep (Emile et al., 2000; Parish et al.,
2003). Under normal conditions, dopamine regulates prolactin secretion in the
anterior pituitary through a short-loop negative feedback mechanism. Increasing
levels of dopamine work through the D2 dopamine receptor to inhibit prolactin
synthesis and release in lactotrophs (Fitzgerald and Dinan, 2008). Several ergot
alkaloids function as dopaminergic agonists and bind to D2 receptors, resulting
in suppressed prolactin levels. Prolactin concentrations are known to gradually
climb throughout gestation and are crucial in mammary development, milk
production, and milk letdown during late gestation and after parturition
(Chamley et al., 1973; Hooley et al., 1978). Reductions in milk production or total
agalactia are reported across species in relation to ergot alkaloid and fescue
exposure (Stidham et al., 1982; Monroe et al., 1988; Porter and Thompson,
1992). This is due at least in part to the role prolactin plays in milk production
prior to and immediately following parturition. Mares are dependent on prolactin
for the stimulation of lactogenesis while prolactin and placental lactogen induce
milk production in cows and sheep (Forsyth, 1986). Ergot alkaloid exposure often
induces total agalactia in mares due to the reliance on prolactin for the
stimulation of milk production. In contrast, placental lactogen is able to initiate
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some degree of lactogenesis in cows and sheep even when prolactin levels are
reduced (Cross, 2009). In addition to initiating milk production, prolactin levels
rise as day length increases to stimulate the shedding of winter coats in horses
and cattle (Thompson et al., 1997; Aiken et al., 2011). Prolactin levels may be
suppressed below the levels necessary to stimulate shedding of the winter coat
and inhibit summer hair growth, leading to the rough hair coats during the
summer months which are often reported in cases of suspected fescue toxicity
(Aiken et al., 2011).
1.7.2 Vasoconstriction
The vascular effects of fescue exposure are attributed to ergot alkaloid
interactions with the 5HT2α serotonergic and α-2 adrenergic receptors which are
located throughout the cardiovascular system. Chronic exposure to ergot
alkaloids results in vasoconstriction and thickening of the blood vessels which
eventually lead to vascular damage and necrosis as seen in cases of gangrene
(Coppock et al., 1989; Dyer, 1993; Klotz et al., 2007). Ergovaline’s ability to
induce vasoconstriction has been well documented. In 1993, Dyer showed that it
is a potent vasoconstrictor in the case of bovine uterine and umbilical arteries
and, in 2007, Klotz et al. showed vasoconstriction due to ergovaline in the lateral
saphenous veins of cattle. The ability for artery vasoconstriction was also
validated in other species including rat and guinea pigs (Schoning et al., 2001).
Ergotamine has also been studied extensively and, while it is structurally similar
to ergovaline (differing by only one amino acid), it is present at much lower
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levels. Contractile responses have been reported due to ergotamine in various
veins and arteries among several species including bovine, equine, and rat
(Abney et al., 1993; Schoning et al., 2001; Klotz et al., 2007).
Reductions in feed intake ADG are commonly reported in several species
(Schmidt et al., 1982; Redmond et al., 1991). Most issues with ADG are attributed
to lower than average feed intake and/or altered digestibility which impacts
growth performance (Redmond et al., 1991; McCann et al., 1992). The palatability
of ergot alkaloids was first elucidated when rabbits were shown to prefer both Eperennial ryegrass and E- perennial rye grass with the addition of clavines over
E+ perennial ryegrass with ergovaline (Panaccione et al., 2006). The presence of
ergovaline negatively impacted intake levels and insinuated that ergopeptines are
most likely responsible for reduced intake levels. Additional research in sheep
consuming E+ fescue seed containing ergovaline showed the potential for
ergovaline to alter digestibility (Hannah et al., 1990). In addition to palatability,
intravenous injections of ergovaline have been known to inhibit contraction of
the rumen and reticulum in sheep most likely due to interactions with the
biogenic amine receptors (McLeay and Smith, 2006). Further research supported
this claim and found that the ergovaline effects on motility could be antagonized
through atropine administration (Poole et al., 2009). Several studies also
reported increases in dry matter content and the percent dry matter in cattle
exposed to ergot alkaloids (Foote et al., 2013; Koontz et al., 2013). Restricted
rumen motility due to ergovaline could explain the reductions in dry matter
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intake reported in ruminants exposed to ergot alkaloids. The influence that
ergovaline has on serotonergic receptors has already been discussed and could be
a key factor in reduced gut motility. It’s known that the vascular smooth muscle
lining the gut contains serotonin receptors (Pan and Galligan, 1994). Interactions
between ergovaline (or other ergot alkaloids) and these receptors may be
responsible for the negative influences on gut motility and passage rate in the
gastrointestinal tract.
Initially, several studies analyzed ergotamine as the potential alkaloid
responsible for impaired thermoregulation. Injections of ergotamine were shown
to reduce skin temperature (but not rectal temperature) and increased
respiration rates in Holsteins and Angus heifers (Carr and Jacobson, 1969;
Browning and Leite-Browning, 1997). However, in 1995, injections of ergovaline
were shown to increase core body temperature, respiration rate, and skin
temperature in heat stressed cattle leading to the speculation that ergovaline may
be the more potent ergopeptide (Al-Haidary et al., 1995). Additionally, steers fed
ergovaline exhibited reduced vascular blood flow rates to the skin covering the
ribs which would interfere in the ability to effectively release heat from the skin’s
surface. Further research was done in rats to study the influence that ergovaline
has on body temperature in very controlled environmental conditions. Injections
of ergovaline reduced tail skin temperature in hyperthermic conditions without
any changes in heat production insinuating a decreased ability to release heat
through the skin’s surface. In colder conditions hypothermia occurred due to
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impaired heat production (Spiers et al., 1995). This supported the idea that
ergovaline impacts the overall mechanism of thermoregulation.
While most symptoms can be tied to hypoprolactinemia or
vasoconstriction, it’s important to note that there is overlap between mechanisms
and many symptoms rely on a combination of both to exert their full affects.

1.8 REPRODUCTIVE PERFORMANCE AND EARLY EMBRYONIC LOSS
Decreased reproductive performance and early embryonic loss have also
been attributed to ergot alkaloid exposure and fescue toxicity. Along with
prolactin, reductions in progesterone have also been reported in cows (Burke and
Rorie, 2002), sheep (Burke et al., 2002), and horses (Monroe et al., 1988) after
ergot alkaloid exposure. Insufficient concentrations of circulating progesterone, a
hormone necessary for the maintenance of pregnancy, has been linked with
embryonic loss during early pregnancy (Mann and Lamming, 1999). In cattle,
ergovaline has been shown to reduce embryonic survival through the inhibition
of progesterone production which leads to the inability to maintain pregnancy
(Porter and Thompson, 1992). A delayed rise in progesterone levels has also been
associated with poor embryonic development (Mann and Lamming, 2001).
In addition to reductions in progesterone, the ability for ergot alkaloids to
induce embryo loss and deter fetal development is also likely related to
vasoconstriction. Prolonged vasoconstriction of uterine vasculature in rodents
prevents adequate placental development leading to early post-implantation loss
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and retarded fetal growth (Grauwiler and Schon, 1973). It is also reasonable to
assume that some early embryonic loss may be due to inadequate blood supply to
the embryo after implantation at approximately d 12 – 15 post mating. Though
early conceptus loss is a concern during ergovaline exposure, once pregnancy is
established, fetal loss is rare (Waller et al., 2001). Additional research by Waller
et al. has shown that ergot alkaloids (and potentially ergovaline) impact either
growing oocytes or the early embryo while still in the oviduct.

1.9 INTRAUTERINE GROWTH RESTRICTION
Reductions in birth weight have been reported for both calves (Watson et
al., 2004) and lambs (Duckett et al., 2014). Watson reported a 15% reduction in
calves born to dams grazing endophyte-infected tall fescue pastures during
gestation while Duckett et al. (2014) reported a 37% reduction in birth weight for
lambs. It was hypothesized that this reduction was due, at least in part, to
reductions in uteroplacental blood flow and subsequent intrauterine growth
restriction (IUGR).
Intrauterine growth restriction is characterized by reduced maternal blood
flow in the uterus and reduced fetal blood flow through the umbilicus. Reduced
blood flow to the placenta directly impacts nutrient exchange to the fetus and has
been linked to reduced fetal growth, fetal development, and rate of survival
(Reynolds and Redmer, 1995). Additionally, placental size directly impacts
nutrient transport potential and, for this reason, placental weight is positively
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correlated with birth weight (Mellor, 1983; Fowden et al., 2006). Doppler
ultrasonography has shown reduced caudal artery area and blood flow rates in
heifers consuming endophyte-infected tall fescue seed and the vasoconstrictive
effects were not alleviated after thirty days on an endophyte-free diet (Aiken et
al., 2007; Aiken et al., 2013). Additionally, ergot alkaloids have been known to
cause contractile responses in a variety of vessels and species such as the lateral
saphenous veins in cattle (Klotz et al., 2007), the distal palmar artery of horses
(McDowell et al., 2013), the carotid and auricular arteries in goats (Aiken and
Flythe, 2014), tail arteries in rats (Schoning et al., 2001), and iliac arteries of
guinea pigs (Schoning et al., 2001). In 1993, Dyer concluded that ergovaline is a
potent vasoconstrictor in the bovine umbilical and uterine arteries and has the
potential to directly impair blood flow to the uterus and developing placenta
during gestation. This theory was further supported by Poole and Poole (2018)
when heifers exposed to endophyte-infected tall fescue exhibited reduced blood
flow in the uterine veins and arteries. Reductions in uterine blood flow have the
potential to reduce oxygen content in the placenta, disrupt vascular development,
and stunt overall placental growth (Yates et al., 2011)

1.10 CONCLUSION
Endophyte-infected tall fescue is the primary cool season perennial forage
grass for livestock in the southeastern US, but the estimated economic losses
associated with fescue toxicity exceeded one billion dollars annually for the

15

livestock industry in 2011 (Strickland et al., 2011). This number was amended to
over two billion dollars in 2015 (Kallenbach, 2015). While reports of poor animal
health and performance began surfacing in the 1940s as widespread planting of
fescue began, the causative agent would not be confirmed until 1983 (Bacon et
al., 1977; Hoveland et al., 1983; Robbins, 1983). After discovery of the endophyte
and its ergot alkaloids, the physiological basis of fescue toxicity was revealed.
Ergovaline was pinpointed as the causative alkaloid due to prevalence and
potency (Lyons et al., 1986; Porter and Thompson, 1992). Additionally, the
structural similarities between ergopeptine alkaloids and several catecholamines
allows for a vast number of alkaloid-receptor interactions which elicits potent,
systemic vasoconstriction and suppresses prolactin secretion (Strickland et al.,
2011; Klotz, 2015). Some level of early embryonic loss is likely due to
vasoconstriction and insufficient placental development since ergovaline has
been shown to induce vasoconstriction in umbilical and uterine veins and arteries
(Dyer, 1993; Poole et al., 2018). During later stages of gestation, ergot alkaloidinduced vasoconstriction may reduce uteroplacental blood flow thereby limiting
the capacity for nutrient exchange in the placenta and subsequent fetal growth.
This mechanism would account for the differences in birth weights for calves and
lambs whose dams were consuming ergot alkaloids during gestation (Watson et
al., 2004; Duckett et al., 2014).
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FIGURE 1.1. The structures of lysergic acid, ergovaline, and ergotamine. Ergovaline and ergotamine differ by one
amino acid.
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FIGURE 1.2. (A) The tetracyclic ergoline ring structure common to all ergot alkaloids. Ergopeptine alkaloids
contain the branched amino acid ring system with varying R groups. (B) The tetracyclic ergoline ring overlaid with
catecholamines (bold) to demonstrate the similarities between the structures. Reproduced from Berde and
Stürmer, 1978. Copyright 1978, Springer-Verlag.
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Chapter 2

A REVIEW OF OVINE PLACENTATION

2.1 OVERVIEW OF PLACENTATION
The placenta, the only transient organ in the body, works to maintain and
protect the developing fetus. During pregnancy, it works to transfer nutrients and
remove wastes from the fetal blood supply. In addition to this important role, the
placenta acts as a protective barrier, serves as an endocrine organ, and works to
synthesize a variety of crucial, bioactive molecules (Regnault et al., 2002). While
the overall function of the placenta has remained the same, over the course of
evolution, the placenta has changed to best fit each species that it serves.
Placental classification of eutherian mammals is based on two primary
characteristics. The first defining factor is placental morphology. This depends on
the overall shape of the placenta and the contact points between the fetal and
maternal tissues. The second determinant is the maternofetal interface and the
layers of tissue separating the maternal and fetal blood supply (Hafez, 2017). As
seen in Figure 2.1, there are four primary placental classifications based on shape
and the points of contact between fetal and maternal tissues: diffuse,
cotyledonary, zonary, and discoid. In the diffuse placenta (common to horses and
pigs), the maternal and fetal villi where nutrient exchange occur are spread
across the entire surface of the chorioallantoic membrane. In the zonary (dogs,
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cat, and other carnivores) and discoid (primates and rodents) placental
structures, the maternofetal nutrient exchange is limited to a single region. In the
zonary arrangement, the placenta is a band of tissue, completely or incompletely,
surrounding the fetus. In the discoid arrangement, the placenta forms a round
disc that sits adjacent to the fetus. The cotyledonary placenta, found in
ruminants, is the intermediate structure to the diffuse and zonary/discoid
structures in that nutrient exchange occurs across multiple, discrete areas of
interdigitated maternofetal attachment (Bowen, 2011; Hafez, 2017). The second
form of classification is based on the membrane layers separating the maternal
and fetal blood supply. Prior to the formation of the placental, at the time of
implantation, there are a total of six layers – three on the maternal size and three
on the fetal side. In the case of horses, swine, and ruminants, all six layers remain
as the placenta develops. This is known as an epitheliochorial type and is in
contrast to other species in which specific tissue layers on the maternal side are
not retained. The three layers on the fetal side consist of the endothelial cells
which line the fetal capillaries, the fetal connective tissue that fills the space
around the capillaries, and finally the chorionic epithelial cells (or trophoblast
cells) which make up the outer most fetal membrane that directly borders the
maternal membrane. The maternal interface contains similar tissue types.
Directly adjacent to the fetal chorionic epithelial cells are the maternal
endometrial epithelial cells. A layer of connective tissue in the endometrium then
surrounds the maternal endothelial cells that line the maternal placental
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vasculature. Therefore, the classification of the ovine placenta would be
cotyledonary and epitheliochorial at the placentomal interface (Hafez et al., 2010;
Bowen, 2011).

2.2 DEVELOPMENT OF THE OVINE PLACENTA
In sheep, the embryo hatches from the zona pellucida between day 8 and
10 post mating. As development continues, the blastocyst begins to elongate and
eventually forms a filamentous conceptus by day 15 that ranges in length from 15
– 19 cm. The conceptus, involving the embryo and the extraembryonic
membranes, stretches the entire length of the uterine horn. The process of
implantation and placentation begins at approximately day 16 (Brooks et al.,
2014). Prior to pregnancy, the uterine wall contains many maternal projections,
called caruncles, that are capable of vascular development. When implantation
occurs, villous projections are formed in areas of chorion-caruncle apposition. As
the fetal villi develop, the adjacent endometrial caruncular tissue undergoes
hypertrophy to surround the fetal villi. This leads to the formation of extensively
branched fetal villi surrounded by the maternal caruncle which form the
functional unit of the ruminant placenta known as the placentome as seen in
Figure 2.2 (Bowen, 2011). There may be upwards of 70 – 100 placentomes that
work collectively to exchange nutrients, gases, and wastes throughout gestation
(Benirschke, 2004)

34

Beginning at approximately day 18 of gestation, capillary growth and
capillary volume in the maternal caruncles begin to increase drastically which in
turn stimulates growth of the fetal villi. This growth continues throughout
gestation. Maternal capillary beds within the caruncle mostly increase in capillary
size without much increase in number. In contrast, the fetal villi that make up the
cotyledon exhibit branching which results in increased capillary number density
and a decrease in capillary size (Reynolds et al., 2010).
It has been established that the sheep placenta experiences an exponential
increase in overall weight until approximately day 90 with the most rapid growth
occurring between day 50 and 60 (Ehrhardt and Bell, 1995). After this, the weight
of the placenta actually declines overtime (Alexander, 1964). Vascular growth in
the caruncle appears to be exponential until approximately day 40 when it levels
off (Stegeman, 1972). In contrast, the vascular growth in the cotyledon remains
consistent until mid-gestation before rapidly increasing thereafter. Research
suggests that the cotyledon is poorly functional until mid-gestation due in part to
the amorphous connective tissue (known as Wharton’s jelly) that makes up the
center of the villi. Part of placental remodeling also involves cellular proliferation
within the villi that begins the intensive vascularization process (Barcroft and
Barron, 1946).
While weight of the placenta is an important factor for the indication of
overall growth, it tells little about the cellular density and capacity of the organ.
When changes in DNA concentrations were measured, the caruncular DNA

35

stayed relatively constant during mid and late gestation while the DNA
concentration of the cotyledon exhibited a 1.4-fold increase. This increase in
concentration suggests an increase in cellular density. When total DNA content
was analyzed, the content in caruncles and cotyledons remained constant, despite
the weight decrease of the placenta after day 90. Therefore, total cell number is
likely maintained and proliferation continues through late gestation (Reynolds et
al., 2005). This lead to the conclusion that the ovine placenta goes rapid growth
until approximately day 90 followed by a process now known as placental
remodeling that continues into late gestation and possibly to parturition
(Reynolds and Redmer, 1995). The remodeling phase mostly focuses on
substantially increasing cotyledonary capillary area density, surface density, and
number density by 6.2X, 6.0X, and 12.3X respectively. A similar increase is also
seen over time in the caruncle vasculature though not to the same degree
(Borowicz et al., 2007). This cellular remodeling process allows for the functional
capacity of the placenta to continue developing throughout gestation as the fetal
demand for nutrients rapidly increases (Reynolds and Redmer, 1995).

2.3 MACROSCOPIC MORPHOLOGY
The cotyledonary placenta contains many individual points of
maternofetal attachment called placentomes. The morphology of these
placentomes was first described by Vatnick et al. (1991) and has recently been an
area of major area of study in cases of fetal stress. It has been suggested that
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progression from a less advanced to more advanced morphological type may be
driven by suboptimal intrauterine conditions and could rescue the fetus from
cases of intrauterine growth restriction (IUGR). Placentome types are categorized
as A – D and can be seen in Figure 2.3. Type A placentomes are round in
structure with the fetal villi completely encompassed within the maternal
caruncle. As the fetal cotyledon begins to grow up and over the maternal
caruncle, the placentomes are then considered to be of the type B morphology.
The Type C morphology appears more flat or discoid with the fetal cotyledon
covering the entire top of the placentome. Lastly, in type D placentomes, the fetal
cotyledon overtakes the maternal caruncle causing them to invert. Compromised
intrauterine conditions, especially during late gestation, may facilitate the
progression from Type A placentomes to the more advanced B, C, and D types.
This appears to be a compensatory response to increase vascularity and nutrient
exchange in an attempt to rescue the growing fetus (Hoet and Hanson, 1999;
Vonnahme et al., 2006). Morphological progression in the sheep placenta has
been studied through a variety of suboptimal conditions. The simplest is the
increase in fetal number. Lamb number appears to be a mild example of
morphology progression with singleton pregnancies exhibiting more type A
placentomes and twin pregnancies exhibiting more type B placentomes. It’s
hypothesized that this is most likely due to the increased nutrient demand
necessary to sustain twin fetuses (Vatnick et al., 1991b; van der Linden et al.,
2013). Morphology progression has also been seen in cases of undernutrition
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(Hoet and Hanson, 1999; Osgerby et al., 2004), hypoxia (Penninga and Longo,
1998; Zhang et al., 2016) and carunclectomy (Zhang et al., 2016). Interestingly,
even in verified cases of adverse intrauterine conditions, this morphology
advancement is not always exhibited. This suggests that compensatory placental
development isn’t based solely on morphological progression. Furthermore,
additional research suggests that placentome size may be a better indicator of
vascular function compared to morphology. That being said, it is important to
note that progression in placentome type is often positively correlated with
placentome size and weight with Type B, C, and D placentomes being larger and
weighing more than Type A placentomes (Vonnahme et al., 2008).

2.4 PLACENTAL NUTRIENT UPTAKE AND TRANSPORT
The main problem following impaired placental development is the
decreased capacity for nutrient exchange across the surface area of the placenta
(Reynolds et al., 2006). The main components of importance are gases (oxygen
and carbon dioxide), glucose, amino acids, and fatty acids (Gude et al., 2004;
Duttaroy, 2009). For the latter three, the capacity for transport to the fetus can
be altered further by the number, density, distribution, and/or activity of
transporters (Jansson, 2001).
2.4.1 Oxygen
Because the placenta is highly permeable to gasses, blood flow rate is the
major determinant for oxygen exchange across the placenta (Barry and Anthony,
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2008). Oxygen is transferred from the maternal to the fetal blood supply while
carbon dioxide moves in the opposite direction. Fetal hemoglobin has a high
affinity for oxygen which helps to ensure the correct path of transfer for oxygen
and carbon dioxide (Gude et al., 2004).
2.4.2 Glucose
Glucose is the main carbohydrate passed from dam to fetus and provides a
major source of energy for growth and development (Gude et al., 2004). Some
research suggests that the fetus is unable to produce its own glucose and
therefore relies on the maternal blood supply (Barry and Anthony, 2008).
Additional research suggests that, under normal conditions, the majority of
glucose is derived from maternal circulation, but glucose can be derived from
fetal blood if maternal concentrations are lacking (Simmons et al., 1979). Because
of dependence on the concentration gradient, changes in the placental uptake
and consumption of glucose is directly related to changes in the maternal
concentrations (Hay et al., 1990).
The process of glucose transport throughout the body is mediated by of
GLUT transporters. The primary glucose transporters identified in the ovine
placenta are GLUT1 and GLUT3 through the process of facilitated diffusion
(Hocquette and Abe, 2000; Illsley, 2000). GLUT1 accounts for 86% of glucose
transporters in the placenta at day 75 and 56% at day 140, decreasing in
concentration as pregnancy progresses. In contrast, the abundance of GLUT3
increases throughout the duration of pregnancy (Ehrhardt and Bell, 1997). The
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only other tissue that exhibits the GLUT3 transporter is the brain. Since the brain
requires a constant supply of glucose, it has been hypothesized that this GLUT
transporter functions to maintain glucose supply to the fetus even when glucose
levels in maternal circulation are low (Barry and Anthony, 2008). Because
transfer of glucose to the conceptus is concentration dependent, maternal plasma
glucose concentrations directly affect uptake of glucose by the placenta (Hay,
1995). This concentration is maintained by the consumption of glucose by the
fetoplacental unit as well as the development of maternal insulin resistance and
glucose intolerance (Hay, 1995). While it’s easy to consider the placenta to be a
passive organ responsible for simply transferring glucose to the fetus, the glucose
requirement for placental metabolism and maintenance sequesters
approximately 60 – 80% of the glucose initially taken up by the placenta
(Schneider, 1996). As parturition approaches in sheep, the placenta consumes
almost twice as much glucose as the fetus though the placenta: fetal weight ratio
is approximately 1:10 (Meschia et al., 1980). The majority of glucose sequestered
by the placental is utilized for oxidative phosphorylation and the synthesis of
other sugars and carbohydrates that can then be sent to the fetus (Vaughan and
Fowden, 2016).
2.4.3 Amino Acids
Fetal protein synthesis depends on the supply of amino acids from
maternal blood supply. The majority of this synthesis occurs in the skeletal
muscle, liver, and gut as growth accelerates during the latter half of gestation.
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Amino acids are also used for the ATP, carbon accretion, and the biosynthesis of
other molecules. The rate of amino acid transfer across the placenta has the
ability to restrict fetal growth and is mediated by the size and surface area of the
placenta (Vaughan et al., 2017).
Amino acid transport is more complex than that of glucose or dissolved
gasses (Barry and Anthony, 2008). Because fetal concentrations of amino acids
are higher than those in circulation, active transport is required in some cases
(Ronzoni et al., 1999). As the fetus begins the exponential growth phase during
the latter half of gestation, an increase in amino acid transporter abundance is
necessary to keep up with fetal growth (Cetin et al., 1995). A total of 20 amino
acid placenta transport systems have been identified and fall into three main
categories (Cleal and Lewis, 2008). Accumulative transporters (SNATs) use the
sodium gradient to drive active transport. This works to establish high levels of
intracellular amino acids within the fetal trophoblast cells. Antiporters (LATs) are
found on both the maternal side of the trophoblasts as well as the basal
membrane to ensure amino acid transport from the maternal blood supply to the
placenta and then from the placenta to the fetal blood supply. Antiporters often
work to exchange nonessential amino acids for essential amino acids. The SNAT
family of transporters are crucial to establish the concentration gradient within
the trophoblast cells in order for the antiporters to work through the exchange
mechanism and facilitated transporters to utilize the concentration gradient
(Vaughan et al., 2017). Lastly, facilitated transporters are also present and allow
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the flow of amino acids down their concentration gradients through special
protein channels. Of these 20 transporters, research has shown there are several
that appear to be altered in the case of IUGR. The Na+-dependent neutral amino
acid transporter (SNAT) has been shown to be reduced in cases of IUGR and also
appears to be related to severity (Jansson et al., 2002). SNAT2, another sodium
dependent transporter appears significantly reduced in cases of reduced
umbilical blood flow (Mando et al., 2013). In contrast, LAT1 and LAT2 mRNA
expression was shown to be increased in cases of moderate IUGR in sheep
(Regnault et al., 2005). Additionally, it has been shown that many amino acids
transferred to the fetus underwent interconversion within the placenta. This
process allows for the metabolic shuffling between amino acids of similar
structure to ensure the appropriate fetal supply is reached throughout gestation
(Cetin, 2001).
In addition to transport, the placenta also utilizes, produces, and converts
amino acids throughout gestation (Vaughan and Fowden, 2016). In sheep, the
placenta is a net consumer of several amino acids including glutamate, serine,
valine, leucine and isoleucine and shuttles greater concentrations of glutamine,
methionine and glycine towards the fetus compared to concentrations found in
maternal uterine circulation (Chung et al., 1998). Therefore, there must be
significant utilization and/or conversion of amino acids (Vaughan and Fowden,
2016). The placenta experiences a high level of protein synthesis during late
gestation due to the changes in placental morphology and placental remodeling.
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It was hypothesized that this period would result in a high rate of protein
turnover (Bell and Ehrhardt, 2002).
2.4.4 Fatty Acids
In sheep, glucose is the most utilized substrate crossing the placenta follow
by amino acids and finally free fatty acids (Herrera et al., 1987). Lipids include a
variety of compounds, including free fatty acids, triacylglycerols, phospholipids,
and cholesterols, which provide a source of energy and perform specific cellular
functions. While free fatty acids can cross the placenta without modification, the
majority of lipids are bound to transport proteins while in circulation and must
be freed prior to transport (Herrera et al., 1987; Larque et al., 2011). The
maternal surface of the placenta contains lipoprotein lipase enzymes that work to
free lipids (specifically those found in triglycerides) from their proteins in order
for transport across the placenta to occur (Duttaroy, 2009). Maternal deposition
of fat during early gestation allows for the storage of long chain fatty acids. As late
gestation commences and fetal growth accelerates, adipose tissue is broken down
and free fatty acids are released. This release combined with fatty acids from the
maternal diet and hepatic production increases circulating fatty acid levels
(Herrera et al., 1987). While fatty acid transport across the placenta most
commonly occurs through simple diffusion, during late gestation and accelerated
fetal growth, this may not be adequate to meet the demands of the fetus (Lager
and Powell, 2012).
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Placental uptake of free fatty acids provides substrates for fetal growth as
well as placental metabolism. In humans, fatty acid transport proteins (FATPs)
work to facilitate the uptake of long chain fatty acids (Schaiff et al., 2005). Of
these, FATP1 and FATP4 are the most commonly associated with placental
uptake of long chain polyunsaturated fatty acids (Larque et al., 2006). These
transporters, along with FAT/CD36 (fatty acid translocase), reside on both sides
of the trophoblast layer and work to transport fatty acids from maternal
circulation into the fetal blood (Cunningham and McDermott, 2009). In contrast,
fatty acid binding proteins are located in the cytosol of the trophoblast layer.
Members 1 – 5 are responsible for shuttling fatty acids from the cytosol to the
esterification sites where they can then be transported to the fetus (Cunningham
and McDermott, 2009). In contrast, the epitheliochorial placenta of the sheep
appears much less permeable to fatty acids compared to the human placenta
(Herrera and Ortega-Senovilla, 2014). Despite the presence of many of the same
fatty acid transporters, the transfer of radio-labeled fatty acids do not readily
cross the placental barrier (Ma et al., 2011). In sheep, the placenta may hydrolyze
esterified lipids as well as desaturate and elongate fatty acids. These processes,
along with the synthesis of lipids from glucose and ketoacids, may provide the
necessary fats for both placental and fetal tissues during gestation (Bell and
Ehrhardt, 2002). Research also shows that volatile fatty acids (VFAs) produced
through the process of rumen fermentation are utilized by the placenta and
transported to the fetus in both cows and sheep (Vaughan and Fowden, 2016). In
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sheep, β‐hydroxybutyrate is consumed by the placenta with very little transport
to the fetus while acetoacetate is distributed equally between the placenta and
fetus (Carver and Hay, 1995).

2.5 PLACENTAL INSUFFICIENCY AND ITS CAUSES
Placental insufficiency is defined as the inability for the placenta to supply
adequate nutrients to the fetus during gestation (Morrison, 2008). Failure of the
placenta to supply nutrients, especially during late gestation when the majority of
fetal growth occurs, can result in growth restricted fetuses. A large range of
studies in both humans and animals have linked placental insufficiency to
changes in placental morphology, reduced placental growth, and altered
substrate transport capacity (Zhang et al., 2015). The causes of placental
insufficiency are vast, but common models in the ovine include overnutrition,
hyperthermia, and hypoxia.
2.5.1 Overnutrition in the Adolescent Ewe
Overnurishment in adolescent ewes focuses on promoting rapid maternal
growth through feeding at a level of approximately twice the maintenance energy
requirements. Nutrient partitioning in adolescent ewes appears to be shifted
towards maternal growth at the expense of the placenta and fetus in cases of high
maternal intake (Wallace et al., 2005). Reductions in placental mass are usually
not evident until approximately day 100 of gestation with restrictions in fetal
growth appearing during the final trimester (Wallace et al., 1996; Wallace et al.,
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2002). In some cases, reductions in overall placentome size is accompanied by
reduced numbers as well (Wallace et al., 2004). Morrison (2008) concludes that
overnutrition in adolescent ewes results in a reduction in total placental mass and
surface area as opposed to altered placental function. This reduces the capacity
for nutrient exchange which results in IUGR.
2.5.2 Hyperthermia
In cases of experimental hyperthermia, the core body temperature of ewes
is raised by approximately 1°C during the second and third trimester (Wallace et
al., 2005). Because hyperthermia is associated with high rates of pregnancy loss,
most studies avoid exposure before day 45 (Bell et al., 1987). Additionally, high
temperatures result in depressed prolactin and progesterone concentrations and,
in many cases, reductions in feed intake (Bell et al., 1987; Regnault et al., 1999).
Hyperthermia results in reduced uterine and umbilical blood flows which
leads to a reduction in placental weights and subsequent IUGR. This becomes
especially evident during late gestation and most likely occurs due to
thermoregulation in the dam (Reynolds et al., 1985; Regnault et al., 2003).
During heat stress, the body attempts to facilitate the loss of body heat by
directing blood flow to the skin’s surface. When this continues for extended
periods of time, it redirects crucial blood flow away from the reproductive tract
thereby reducing the overall blood supply to the placenta and the fetus (Dreiling
et al., 1991). Thureen et al., (1992) reported reductions of up to 50% in fetal and
placentome weights and differences in placental mass can be detected as early as
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day 75 (Vatnick et al., 1991a). Additionally, the fetal:placental weight ratio was
increased for hyperthermic ewes which likely indicates a placental adaptation to
facilitate fetal growth in suboptimal uterine conditions. Morrison (2008)
concluded that these reductions in placentome size reduce the capacity for
placental nutrient transfer which limits fetal growth.
During mid and late gestation, heat stress in the ovine placenta has been
shown to decrease expression of angiogenic factors which are crucial to the
placental remodeling process. It has also been known to negatively impact fetal
capillary architecture as seen through histology. The pattern of fetal
microcapillary vascular development appeared much more random and coiled in
comparison to control, non-heat stressed ewes (Regnault et al., 2002). It has also
been shown that hyperthermia results in reduced umbilical oxygen uptake which
leads to a state of hypoxia (Regnault et al., 2007).
2.5.3 Hypoxia
The induction of chronic hypoxia has also been used to assess placental
and fetal growth and development. It is most commonly observed at higher
altitudes (greater than 2500 meters) and results in placental dysfunction and
fetal growth restriction, similar to that seen in hyperthermia. Both the maternal
and fetal capillary vasculature was altered in sheep placenta. The fetal
vasculature exhibited a reduction in the number of capillaries but an increase in
capillary size. On the maternal side, capillary size was increased while capillary
density remained the same (Mayhew et al., 2004). The effects that chronic
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hypoxia have on the fetal vascular architecture have been documented and
repeatedly confirmed in several studies in both sheep and humans (Chabes et al.,
1968; Krebs et al., 1997).

2.6 INTRAUTERINE GROWTH RESTRICTION
Placental insufficiency is the most common cause of IUGR (Resnik, 2002)
Reductions in overall placental mass and/or nutrient transport potential limit the
capacity for fetal growth, especially during late gestation (Morrison, 2008).
Because placental size directly impacts nutrient transport potential, placental
mass is directly related to fetal growth in utero and this correlation becomes
progressively stronger as parturition approaches (Bell et al., 1999). During the
later stages of gestation, uteroplacental blood flow increases to support rapid
fetal growth and reductions in blood flow during this period are strongly
associated with IUGR (Reynolds and Redmer, 1995; Lang et al., 2003).
IUGR fetuses are often hypoxic, hypoglycaemic, and have elevated levels of
cortisol and noradrenaline indicating increased levels of fetal stress (Economides
et al., 1988; Economides et al., 1991). In chronic cases of placental insufficiency,
the fetus adapts by redistributing cardiac output to the brain, heart, and adrenal
glands at the expense of overall body growth. This mechanism, which results in
asymmetric growth and brain sparing, commonly distinguishes placental
insufficiency-induced IUGR from other causes (Morrison, 2008). Several
epidemiological studies in humans demonstrated a strong correlation between
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IUGR and disease later in life such as arterial hypertension, coronary heart
disease, obesity, type 2 diabetes mellitus, and insulin resistance (Barker, 2000;
Bateson et al., 2004; Barker, 2006). Studies concerning the long-term impacts of
IUGR in livestock are lacking.

2.7 CONCLUSION
The placenta works to maintain and protect the developing fetus by
facilitating nutrient transfer, functioning as a protective barrier, serving as an
endocrine organ, and synthesizing a variety of crucial, bioactive molecules during
gestation (Regnault et al., 2002). The cotyledonary placenta, found in ruminants,
contains many discrete areas of interdigitated maternofetal attachment, known
as placentomes, where nutrient exchange occurs (Bowen, 2011; Hafez, 2017).
When implantation occurs, villous projections are formed in areas of chorioncaruncle apposition which leads to the formation of extensively branched fetal
villi surrounded by the maternal caruncle forming the placentome. The cotyledon
appears poorly functional until mid-gestation when remodeling occurs and the
cotyledon becomes heavily vascularized (Barcroft and Barron, 1946). Reductions
in uteroplacental blood flow, such as those seen in cases of hyperthermia and
hypoxia, stunt development and vascularization of the placenta resulting in
placental insufficiency (Regnault et al., 2002; Mayhew et al., 2004). Impaired
placental development decreases the capacity for the exchange of gases, glucose,
amino acids, and fatty acids across the surface area of the placenta (Reynolds et
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al., 2006; Duttaroy, 2009). During the latter stages of gestation, when the
majority of fetal growth occurs, this can result in IUGR and increase the risk of
diseases later in life (Barker, 2006; Morrison, 2008).
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FIGURE 2.1 Placental types classified by sites of exchange. (A) Diffuse. (B) Cotyledonary. (C) Zonary. (D). Discoid.
The cotyledonary placenta, found in ruminants, is the intermediate structure to the diffuse and zonary/discoid
structures in that nutrient exchange occurs across multiple, discrete areas of interdigitated maternofetal
attachment (Bowen, 2011; Hafez, 2017). Figure borrowed from Frandson et al., 2009.
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FIGURE 2.2 Diagram of a placentome cross section. Course stipple is
representative of embryonic connective tissue while fine stipple represents
uterine connective tissue; arc., arcade; bl. v., blood vessel; cap., capillary; ch.,
chorionic epithelium; cr., placental crypt; ep., uterine epithelium; gl., uterine
gland; hem., hemotomata; s., maternal septum; syn., trophoblastic syncytium; v.,
fetal villi. Image borrowed from Wimsatt, 1950.

51

FIGURE 2.3. Placentome types with cotyledonary (fetal) tissue in black and
caruncular (maternal) tissue in white. Type A placentomes are round in structure
with the cotyledonary tissue contained within the maternal caruncle. As the fetal
cotyledon begins to grow up and over the maternal caruncle, the placentomes are
then considered to be of the type B morphology. The Type C morphology appears
more flat or discoid with the fetal cotyledon covering the entire top of the
placentome. Lastly, in type D placentomes, the fetal cotyledon overtakes the
maternal caruncle causing them to invert.
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Chapter 3

STATEMENT OF PROBLEM

The purpose of this dissertation is to bridge the gap in research concerning ergot
alkaloid-induced vasoconstriction and its impacts on placental development in
ruminant livestock. It has been speculated that ergot alkaloid-induced vasoconstriction
may reduce uteroplacental blood flow and/or lead to placental insufficiency and
subsequent IUGR. While this would account for the reported differences in birth weight
previously discussed, the influence that ergot alkaloids have on the placenta have not
been investigated at length. Therefore, it was my goal to assess the impact that ergot
alkaloid consumption during gestation has on maternal performance prior to and
immediately following parturition, fetoplacental growth and development, and
subsequent post-natal growth in offspring. The following chapters outline the results
and conclusions drawn from three live animal projects (Chapter 4, 7, and 8), two
histological investigations (Chapter 6 and 7), and one transcriptome sequencing
experiment (Chapter 5) in an attempt to answer this question.
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4.1 ABSTRACT
Tall fescue [Lolium arundinaceum (Scheyreb.) Darbysh] is the primary cool
season forage grass in the Southeastern U.S. Most tall fescue contains an endophytic
fungus (Epichloë coenophiala) that produces ergot alkaloids and upon ingestion induces
fescue toxicosis. The objective of this study was to assess how exposure to endophyteinfected (E+; 1.77 mg hd-1 d -1 ergovaline and ergovalinine) or endophyte-free (E-; 0 mg
hd-1 d -1 ergovaline and ergovalinine) tall fescue seed fed during two stages of gestation
(MID, d 35 - 85 / LATE, d 86 – 133) alters placental development. Thirty-six, fescue
naïve Suffolk ewes were randomly assigned to one of four fescue treatments: E-/E-, E/E+, E+/E-, or E+/E+. Ewes were individually fed the same amount of E+ or E- seed
mixed into TMR during MID and LATE gestation. Terminal surgeries were conducted
on d 133 of gestation. Ewes fed E+ fescue seed had elevated (P < 0.001) ergot alkaloid
excretion and reduced (P < 0.001) prolactin levels during the periods when fed E+ seed.
Ewes switched on d 86 from E- to E+ seed had a 4% reduction (P = 0.005) in DMI
during LATE gestation, which translated to a 2% reduction (P = 0.07) in DMI overall.
Average daily gain was also reduced (P = 0.049) by 64% for E-/E+ ewes during LATE
gestation and tended to be reduced (P = 0.06) by 33% overall. Ewes fed E+ seed during
LATE gestation exhibited a 14% and 23% reduction in uterine (P = 0.03) and
placentome (P = 0.004) weights, respectively. Caruncle weights were also reduced by
28% (P = 0.003) for E-/E+ ewes compared to E-/E- and E+/E-. Ewes fed E+ seed
during both MID and LATE gestation exhibited a 32% reduction in cotyledon (P = 0.01)
weights; whereas, ewes fed E+ seed only during MID gestation (E+/E-) had improved (P
= 0.01) cotyledon weights. The percentage of type A placentomes tended to be greater (P
= 0.08) for E+/E+ ewes compared to other treatments. Other placentome types (B, C, or
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D) did not differ (P > 0.05). Total fetal weight per ewe was reduced (P = 0.01) for ewes
fed E+ seed during LATE gestation compared to E-; however, feeding E+ seed during
MID gestation did not alter (P = 0.70) total fetal weight per ewe. These results suggest
that exposure to ergot alkaloids during LATE (d 86 – 133) gestation has the greatest
impact on placental development by reducing uterine and placentome weights. This, in
turn, reduced total fetal weight per ewe by 15% in ewes fed E+ seed during LATE
gestation (E-/E+ and E+/E+).
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4.2 INTRODUCTION
Tall fescue [Lolium arundinaceum (Schreb.) Darbysh] is the primary cool season
forage in the Southeastern U.S. due to its drought tolerance, disease resistance, superior
growth, and overall hardiness. Such characteristics are attributed to an endophyte
(Epichloë coenophiala; previously Neotyphodium coenophialum) found within the
plant that produces ergot alkaloids (Young et al., 2014). Ingestion of ergot alkaloids
induces fescue toxicosis, which reduces weight gain and causes reproductive problems
(Schmidt et al., 1982; Hoveland et al., 1984; Porter and Thompson, 1992). Ergot
alkaloids are structurally similar to biogenic amines, serotonin and dopamine, and bind
to their receptors resulting in decreased serum prolactin concentrations and
vasoconstriction (Aiken et al., 2007; Klotz et al., 2009; Strickland et al., 2011).
Ergovaline and ergovalinine are the predominant (84-97%) ergot alkaloids in
endophyte-infected (E+) tall fescue seed and are likely responsible for the
vasoconstrictive events observed in fescue toxicosis (Lyons et al., 1986; Strickland et al.,
2011; Foote et al., 2012). Ergovaline is a potent vasoconstrictor in the bovine umbilical
and uterine arteries potentially reducing blood flow to developing placental tissues and
fetuses (Dyer, 1993). Placental weight is highly correlated with fetal birth weight in cases
of induced placental dysfunction such as hyperthermia, maternal undernutrition and
utero-placental embolism (Wallace, 1948; Alexander and Williams, 1971; Lang et al.,
2000). Reduced birth weights have also been reported in offspring born to dams
exposed to endophyte-infected tall fescue during gestation (Watson et al., 2004; Duckett
et al., 2014a). Little research has examined how timing of ergot alkaloid exposure alters
placental function and development during gestation. The objective of this study was to
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assess how feeding tall fescue seed containing ergot alkaloids during mid and/or late
gestation alters maternal parameters and placental development.
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4.3 MATERIALS AND METHODS
All animal experimental procedures were reviewed and approved by the Clemson
University Institutional Animal Care and Use Committee (AUP 2014-081). This study
was conducted at the Clemson University Small Ruminant Facility, Pendleton, SC.
Experimental Design
Mature Suffolk ewes, naïve to endophyte-infected tall fescue, were purchased in
Northeast Iowa and transported to Clemson University 90 d prior to the start of the
experiment. At the start of the experiment, ewes (n = 57; BW = 78.24 ± 9.5 kg) were
weighed and evaluated for BCS (1-5; 1 = thin to 5 = fat; Sheep Prod. Industry Dev.
Program, 2016). Ewes were blocked by BCS and divided into 10 groups (n = 5-7/group)
for estrous synchronization to facilitate a surgery schedule. Each week, one group of
ewes was synchronized using an intravaginal controlled internal drug release (CIDR)
insert (Eazi-Breed CIDR, Zoetis Animal Health) for 7 d. Upon CIDR removal, ewes were
given prostaglandin F2 (12.5 mg i.m.; Lutalyse; Pfizer, New York, NY) and turned in
with a purebred Suffolk ram. The ram was fitted with a marking harness and crayon that
was changed weekly. Ewes were checked twice daily for marks to estimate breeding date
and confirmed pregnant by transrectal ultrasonography on d 30 of gestation. Group 10
did not result in enough pregnant ewes for assignment to all four treatments and
therefore only 9 groups were used for this study. Ewes (n =36; BW = 83.26 + 8.14 kg;
4/group; 9 groups) that were confirmed pregnant were randomly assigned to one of four
treatments: E-/E-, E-/E+, E+/E-, or E+/E+ within group. Ewes were individually
penned into stalls (1.8 x 0.5 x 0.91 m) after 0700 and individually fed their respective
treatment diet for 90 min. After individual feeding, ewes were removed from stalls and
kept in a large pen (10-12 hd/pen) with ad libitum access to water and minerals (Purina
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Sheep Mineral, Land O’Lakes Inc., Arden Hills, MN), and with access to inside and
outside areas devoid of forage or hay.
Endophyte-infected (E+; Black Magic turf-type tall fescue seed) and endophytefree (E-; Bull turftype tall fescue seed) seed were grown in Oregon and obtained from
Caudill Seed Warehouse (Louisville, KY). Seed samples were collected and analyzed for
ergot alkaloid content according to Aiken et al. (2009). Black Magic (E+) tall fescue seed
contained 4.14 g/g DM of ergovaline and ergovalinine (Table 4.1). Both varieties of
fescue seed tested negative for the presence of ergotamine. Tall fescue seed was fed
individually to supply 1.77 mg hd-1 d -1 of ergovaline and ergovalinine for E+ and the
same weight of E- tall fescue seed was fed to supply 0 mg hd-1 d -1 of ergovaline and
ergovalinine. The dose level of ergovaline/ergovalinine fed daily was based on previous
research in which seed was fed at a concentration of 0.8 mg/kg DM in the total mixed
ration (TMR) and daily intake per ewe per day was estimated (Aiken et al., 2009;
Duckett et al., 2014a). The TMR composition was formulated to minimize sorting of the
seed when mixed in the TMR and incorporated 25% cottonseed hulls as a source of
roughage (McCann et al., 1990). Samples of seed and TMR were subjected to nutrient
analyses and rations were developed to meet NRC requirements for pregnant ewes with
twins during early and late gestation (NRC, 2007). Immediately prior to feeding, fescue
seed (E+ or E-) was added to individual TMR rations, mixed thoroughly, and fed
according to treatment assignment. Ewes within each group were fed equal amounts of
TMR and seed daily to maintain similar feed intake across all treatments. Four ewes had
complications during late pregnancy and were removed from the study: one for
pregnancy toxemia (E-/E-), one for preterm abortion (E-/E+), and two that presented
with dead lambs at surgery (E+/E-; E+/E+).
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Maternal Sample Collection
Blood, urine, and rectal temperature were collected at d 29, 50, 85, 105, and 133
at 0800. Whole blood samples were collected into serum and EDTA-coated tubes by
jugular venipuncture. Plasma was obtained by centrifuging at 537 x g for 20 min at 4°C
immediately following collection and stored at -20°C. Whole blood was allowed to clot
for 30 min at room temperature and then at 4°C overnight. Serum was collected by
centrifuging for 20 min at 537 x g at 4°C and stored at -20°C. Urine samples were
collected via transient aponea (Benech et al., 2015) and stored at -20°C for ergot
alkaloid analysis. Rectal temperatures were obtained using a rectal thermometer after
sample collection.
Surgical Collection
On d 133 of gestation, ewes were transported to Godley-Snell Research Facility
(14.3 km) for terminal surgery. Each ewe was given an intravenous injection of
Ketamine (10 mg/kg) and Diazepam (0.25 mg/kg) upon arrival for sedation and
intubation. Ewes were intubated with a 10 mm endotracheal tube and placed on 4-5%
isoflurane with 1-2 L/min of O2 for induction. Upon successful anesthetization, ewes
were maintained at 3-5% isoflurane with 1-2 L/min of O2 and placed on a ventilator at
15-20 breaths per minute. Corneal reflex and heart rate were monitored to confirm
adequate levels of anesthesia. The abdominal area was shaved, scrubbed with
chlorhexidine, and ewes were subjected to a mid-ventral laparotomy (Rueda et al.,
1995). Once the uterus was exposed, blood samples from the maternal uterine artery
were collected. A small incision was made in the uterine wall for the collection of
amniotic fluid and to expose the umbilical cord. Blood samples were collected from the
fetal umbilical vein prior to removal of each fetus. Once removed, fetal lambs were
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euthanized with a 3mL intracardiac injection of Beuthanasia-D Special (Merck Animal
Health, Madison, New Jersey) prior to sample collection. Each fetus was towel dried and
fetal weight was collected. Once all fetuses were removed, ewes were euthanized with an
intravenous injection of 20 mL Beuthanasia-D Special. The uterus was excised proximal
to the cervix, drained of fluid, and weighed. Ewes were eviscerated for collection of
organ (liver, kidney, spleen, heart) and adipose weights. Samples of the liver were
removed, frozen in liquid nitrogen, and stored at -80°C for subsequent RNA extraction.
Ewes were then weighed for collection of an eviscerated body weight (EvBW) with pelt
still on.
Placentome collection and evaluation.
Immediately following removal of the first fetus, two placentomes of the type B
morphology (as defined below) were selected adjacent to the initial incision. These
placentomes were weighed and a sample was collected for preservation in optimal
cutting temperature (O.C.T) compound for later histology. The two placentomes were
then separated into fetal cotyledon and maternal caruncle before flash freezing in liquid
nitrogen for later RNA isolation. If true type B placentomes were unavailable adjacent to
the initial incision, two placentomes closest in morphology to type B were selected
instead. After removal of the uterus, the remaining placentomes were excised and any
remaining endometrial and fetal membranes were removed. Classification according to
morphological type (A – D) was based on procedures of Vatnick et al. (1991).
Placentomes were considered to be of a type A morphology if they were round with the
maternal caruncle containing the fetal cotyledon. If the fetal cotyledon had started
growing up and over the top of the maternal caruncle, they were classified as type B.
Type C placentomes were those that appeared more flat or discoid with the fetal
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cotyledon covering the top of the placentome. Placentomes were considered to be of
type D morphology if the fetal cotyledon had overtaken the maternal caruncle, often
causing them to invert. In cases of an intermediate type, the placentomes were
categorized as the more advanced type. The classification of placetomes according to
morphology was conducted by the same person each time to ensure consistency. After
placetomes were typed and counted, the cotyledon and caruncle were carefully
separated. Total cotyledon and caruncle weights were collected by type.
Ergot Alkaloid Excretion and Prolactin
Urinary alkaloid excretion analysis was conducted by Agrinostics Limited, Co.
(Watkinsville, GA) as previously described (Hill et al., 2000). Serum prolactin levels
were analyzed on all ewes over time using the RIA procedures of Bernard et al. (1993).
The intraassay variance for prolactin was 5.99% and the inter-assay variance was 4.47%.
Hormonal Analyses and qPCR.
A subset (n = 4 per treatment; n = 16 total) of ewes closest to the mean for
placental and fetal weight were selected from each treatment. Serum was analyzed for
cortisol and thyroxine (T4) at d 85 and 133 using ovine specific ELISA kits (ABNOVA,
Taipai, Taiwan). The cortisol ELISA had an intra-assay variance 6.09% and a limit of
detection at 0.1 ng/mL.. The T4 ELISA had an intra-assay variance 9.9% and a limit of
detection at 2.0 ng/mL. Triiodothyronine (T3) serum concentrations at d 85 and 133
were analyzed using a bovine specific T3 ELISA kit (ABNOVA, Taipai, Taiwan). The T3
ELISA had an intra-assay variance 8.8% and a limit of detection at 0.2 ng/mL. The
cortisol, T3, and T4 ELISA assays were validated compared to other assays (Young et al.,
2003; Rumsey et al., 1999; Robbins, 1973) according to the manufacturer. Serum insulin
concentrations at d 85 and 133 were analyzed using an ovine insulin ELISA (Mercodia,
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US, NC). The insulin ELISA had an intra-assay variance of 5.22% and a limit of
detection at 0.025 µg/L. Plasma glucose levels at d 85 and 133 were analyzed using a
colorimetric assay with Glucose Hexokinase Reagent (Pointe Scientific, Canton MI). The
glucose assay had an intra-assay variance of 8.12% and a limit of detection of 0.6
mg/dL. Glucose and insulin assays were validated for use in sheep (Volpi-Lagreca and
Duckett, 2017). The concentration of insulin-like growth factor-1 (IGF-1) in serum at d
85 and 133 was analyzed using a human-based ELISA kit (Enzo Life Sciences,
Farmingdale, NY). The IGF-1 ELISA had an intra-assay variance of 5.06% and a limit of
detection of 50 pg/mL. The human IGF-1 ELISA assay has been validated for use in
small ruminants (Castagnino et al., 2015).
Gene expression analysis was conducted using quantitative real-time RT-PCR
methods according to Duckett et al (2009; 2014b). Briefly, total RNA was collected from
snap-frozen tissue samples using Trizol reagent and the PureLink Mini RNA
purification kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA) according to
manufacturer specifications. RNA yield and quality was determined using the
NanoDrop 1000 spectrophotometer (Thermo Scientific, Thermo Fisher, Waltham, MA).
RNA was converted to cDNA using qScript cDNA SuperMix (Quanta Bio, Beverly, MA)
according to the manufacturer instructions. Real-time PCR was performed using an
Eppendorf Realplex Mastercycler (Eppendorf AG, Hamburg, Germany) and Perfecta
(Quanta Bio, Beverly, MA) SYBR green according to the manufacturer’s specifications.
An initial hold of 2 minutes at 95C was followed by 40 cycles of 95C for 15 sec and
60C for 30 sec. Primers for vascular endothelial growth factor A (VEGFA), serotonin
2A receptor (5HT2A), estrogen-related receptor gamma type 1 (ERRG1), cytochrome
P450 3A4 (CYP3A4), adiponectin (ADIPOQ), glucose transporter 3 (GLUT3), tumor
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necrosis factor-α (TNFα), interleukin 6 (IL6), and interleukin 1-β (IL10), insulin-like
growth factor 1 (IGF1), insulin-like growth factor 2 (IGF2), glucose transporter 2
(GLUT2), cytochrome P450 2E1 (CYP2E1) and CYP3A4 were designed to span exon
boundaries using Primer 3 software (Table 4.2). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), βactin (bACT), thymus cell antigen 1 (THY1), tubulin (TUB),
and cyclophilin (CYC) were tested for stability in each tissue using RefFinder (Xie et al.,
2012) for the selection of the most stable housekeeping gene. The most stable
housekeeping gene for each tissue (GAPDH for cotyledon and CYC for liver) was used
for normalization. Results are expressed as relative abundance from the control (E-/E-).
Statistical Analysis
The univariate procedure of SAS was used to test all variables for normality.
Serum prolactin concentrations were not normally distributed (Shapiro-Wilk test, P <
0.0001) and therefore, were log transformed to preserve normality. Data were analyzed
in a completely randomized block design using Mixed procedure of SAS (SAS 9.3, SAS
Inst. Inc., Cary, NC) with tall fescue treatment (E-/E-, E-/E+, E+/E-, E+/E+) in the
model. Group (block) was included as a random variable in the model. Ewe was the
experimental unit for all analyses. For hormonal and excretion data, repeated measures
analysis with autoregressive covariance structure was used to evaluate fescue treatment,
day of collection and interaction. Fetal lamb number (single, twin, triplet) was included
as a covariate when significant (P < 0.05). Fetal lamb sex was evaluated as a covariate
but was not significant (P > 0.05) for any variable and therefore not included in the final
model. Least square means were generated and separated using a protected least
significant difference test. Significance was determined at P < 0.05 with trends at P <
0.10
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4.4 RESULTS AND DISCUSSION
Ergovaline Intake.
Tall fescue seed was individually fed to ewes to provide a daily dose of 1.77 mg
hd-1 d -1 of ergovaline and ergovalinine for E+ treatments throughout the study. The
seed head of tall fescue contains the highest concentrations of ergot alkaloids in the
endophyte-infected tall fescue plant and therefore was used to deliver a constant daily
dose of ergovaline and ergovalinine to the ewes in this study (Rottinghaus et al., 1991).
This dose level of ergovaline and ergovalinine was based on previous research in which
seed was fed at a concentration of 0.8 mg/kg DM in the TMR and daily intake per ewe
was estimated (Aiken et al., 2009; Duckett et al., 2014a). The same dose level of
ergovaline and ergovalinine fed to E+ was maintained throughout gestation even though
nutrient requirements change with stage of gestation (NRC, 2007). This translated to a
concentration of 0.93 mg/kg DM in MID gestation and 0.73 mg/kg DM in LATE
gestation for this study. Aiken et al. (2009) found that concentrations of 0.85 mg of
ergovaline/kg DM fed to heifers reduced blood flow at the caudal artery and that
concentrations as low as 0.39 mg ergovaline/kg DM would still induce a
vasoconstrictive response (Aiken et al., 2007, 2009). Concentrations of 0.65 mg and
0.75 mg ergovaline/kg DM are also known to elicit toxicosis symptoms in steers and
sheep, respectively (Hill et al., 1994; Looper et al., 2007). Moreover, concentrations of
0.24 (chemical seed head suppression) and 0.56 mg/kg DM ergovaline both induced
vasoconstriction of biopsied lateral saphenous vein in steers (Klotz et al., 2018). In
sheep, a threshold level of 500-800 ppb (0.5 – 0.8 mg/kg DM) was reported for the
induction of symptoms associated with fescue toxicosis (Craig et al., 2014). Therefore,
the levels of ergovaline fed during this study (0.93 mg/kg in MID or 0.73 mg/kg in
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LATE) are within the range (0.39 to 0.85) where fescue toxicosis would be observed. If
calculated on a BW basis, the intake levels ranged from 17.9 to 21.2 g ergovaline and
ergovalinine/kg BW in E+ ewes at the start and end of the study, respectively.
Maternal characteristics of ewes by fescue treatment are presented in Table 4.3.
There were no differences (P > 0.18) in ewe age, BCS, and day of gestation at surgery
due to fescue treatment. Fetal number and fetal sex also did not differ (P > 0.44)
between fescue treatments. Overall lambing rate was 180% in this experiment, which is
within the normal range for mature Suffolk ewes (Notter, 2000). Maternal BW
throughout gestation was not affected (P > 0.40) by fescue seed treatment. Dry matter
intake from d 29 to 85 did not differ (P = 0.32) by fescue seed treatment or stage of
gestation. Ewes that were switched from E- to E+ treatment (E-/E+) at d 86 had
decreased (P = 0.005) DMI from d 86 to 133 compared to other treatments (E-/E-, E/E+ or E+/E+). This translated to a trend (P = 0.07) for reduced overall DMI from d 29
to 133 for E-/E+ fescue treatment compared to E-/E- or E+/E-. Average daily gain
(ADG) did not differ (P = 0.29) by fescue treatment from d 29 to 85. Ewes fed E-/E+
seed exhibited less (P = 0.049) ADG during LATE gestation compared to ewes fed E-/Eor E+/E-. Overall ADG tended (P = 0.06) to be reduced for E-/E+ fed ewes compared to
E+/E- ewes. Reductions in DMI, ADG, and overall animal performance are known to
correspond with exposure to endophyte-infected tall fescue (Paterson et al., 1995;
Matthews et al., 2005). Lambs fed E+ tall fescue seed exhibited reductions in DMI
compared to their E- counterparts, but DMI improved when sainfoin, a tannin rich
legume, was supplemented to E+ lambs (Villalba et al., 2016). Additionally, lactating
ewes fed endophyte-infected tall fescue hay had reduced DMI and lighter BW compared
to ewes fed endophyte-free tall fescue hay (Zbib et al., 2014). It is important to note that
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ewes were individually fed the same amount of TMR and seed daily throughout this
study in order to maintain similar nutrient intakes. Therefore, the 4% reduction in DMI
for ewes switched from E- to E+ during LATE gestation (E-/E+) was a result of greater
feed refusal.
Urinary Ergot Alkaloid Excretion.
The interaction between tall fescue seed treatment by day of gestation on urinary
ergot alkaloid excretion was significant (P < 0.001; Figure 4.1). On d 29 (pretreatment),
there were no differences (P > 0.05) between fescue treatments in ergot alkaloid
excretion. Ewes consuming E+ tall fescue seed (E+/E- and E+/E+) during MID (d 35 –
85) gestation had elevated (P < 0.001) urinary ergot alkaloid excretion compared to
ewes fed E- tall fescue seed (E-/E+ and E-/E-). On d 105 and 133, ewes fed E+ tall fescue
seed (E-/E+ and E+/E+) during LATE (d 86 – 133) gestation had elevated (P < 0.001)
ergot alkaloid excretion compared to those fed E- tall fescue seed (E+/E- and E-/E-)
during that time. Urine, bile, and feces are the primary routes for the elimination of
ergot alkaloids in livestock (Stuedemann et al., 1998; Schultz et al., 2006). Stuedemann
et al. (1998) found approximately 96% of ergopeptine alkaloids consumed by cattle
grazing pastures contaminated with endophyte-infected tall fescue are excreted in the
urine. It was also determined that urinary excretion of ergot alkaloids can be used as a
measurement of exposure to endophyte-infected tall fescue and to assess fescue
toxicosis (Hill et al., 2000). In steers, the excretion of alkaloids in the urine has been
shown to occur within 12 hours of introducing endophyte-infected tall fescue into the
diet (Stuedemann et al., 1998). The results presented here support previous conclusions
that urinary ergot alkaloid excretion is an effective and dynamic way to monitor ergot
alkaloid consumption and to affirm treatment efficacy.
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Rectal temperature
Rectal temperature was not impacted (P > 0.05) by fescue seed treatment.
Research has drawn mixed conclusions about the impact ergot alkaloids have on the
ability to regulate body temperature. Ergot alkaloid consumption can interfere with the
regulation of body temperature if the resulting vasoconstriction limits the release of heat
superficially at the skin’s surface during hot summer months (Rhodes et al., 1991;
Aldrich et al., 1993a). The current study was conducted during the winter and early
spring months (Nov. to March) in South Carolina when daytime temperatures were
below 26°C and heat stress was not present in the ewes.
Serum Hormone Concentrations
The interaction between tall fescue seed treatment by day of gestation on logtransformed serum prolactin concentration differed (P < 0.001; Figure 4.2). On d 29,
prior to the start of treatment, prolactin concentrations were reduced (P = 0.004) for E/E+ ewes compared to E+/E+ ewes. On d 50 and 85, ewes fed E+ tall fescue seed during
that time period (E+/E- and E+/E+) had reduced (P < 0.001) serum prolactin levels
compared to ewes fed E- tall fescue seed (E-/E- and E-/E+). On d 105 and 133, ewes fed
E+ tall fescue seed during that time period (E-/E+ and E+/E+) had reduced (P < 0.001)
serum prolactin levels compared to ewes fed E- tall fescue seed (E-/E- and E+/E-). For
ewes fed E- seed during LATE gestation, prolactin concentrations were elevated (P <
0.04) at d 105 and 133 compared to concentrations at d 29. In contrast, prolactin
concentrations for ewes fed E+ seed during LATE gestation did not differ (P > 0.05) on
d 105 and 133 when compared to concentrations at d 29. Ewes switched from E+ to Eseed at d 86 had prolactin levels that were elevated (P = 0.004) at d 105 compared to E/E- ewes indicating a compensatory response after the removal of E+ fescue seed.
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Prolactin concentrations are known to gradually climb throughout gestation with the
highest levels closest to parturition (Chamley et al., 1973). Reductions in serum
prolactin concentrations are a classic response to ergot alkaloid exposure and have been
consistently reported in cattle, horses, and sheep (McCann et al., 1992; Emile et al.,
2000; Parish et al., 2003; Koontz et al., 2012; Stowe et al., 2013). This response is due to
the ability of ergot alkaloids to interact with D2-dopamine receptors and suppress
prolactin production (Sibley and Creese, 1983; Klotz, 2015). Prolactin is crucial in
mammary development, milk production, and milk letdown during late gestation and
after parturition (Hooley et al., 1978). Exposure to E+ fescue seed depressed prolactin
levels which may interfere with mammary development and milk production if levels do
not recover prior to parturition (Akers et al., 1981). In the current study, prolactin
depression at d 130 appears greatest for ewes fed E+ fescue seed only during LATE
gestation (E-/E+) when compared to ewes fed E+ throughout both MID and LATE
gestation (E+/E+).
There were no differences (P > 0.05) in cortisol, triiodothyronine (T3), thyroxine
(T4), insulin, or glucose concentration by fescue seed treatment at the end of MID
gestation (d 85) or the end of LATE gestation (d 133; data not shown). Similarly, plasma
cortisol, T3, and T4 concentrations were not altered when E+ fescue seed was fed to
heifers (Aldrich et al., 1993b). Insulin-like growth factor 1 (IGF1) concentrations did
differ (P = 0.02) between fescue seed treatments at d 133 (Figure 4.3). Ewes that
switched from E+ to E- fescue seed on d 86 (E+/E-) had elevated IGF1 concentrations at
d 133 compared to all other treatments. Reductions in IGF1 concentrations are
associated with glucose insufficiency in ewes, which results in a shift in nutrient
partitioning (Tygesen et al., 2008). While intact IGF1 does not cross the placenta,
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increases in IGF1 concentrations may stimulate placental growth through IGF1
receptors (Browne and Thorburn, 1989; Reynolds et al., 1997). Such a compensatory
response in IGF1 levels after switching from E+ to E- treatment may be an attempt to
stimulate placental development and rescue fetal growth.
Placental measures
Empty uterine, placentome, cotyledon, and caruncle weights are presented in
Table 4.4. Empty uterine and total placentome weights were lighter (P < 0.02) in ewes
fed fescue seed during late gestation (E-/E+ and E+/E+) compared to ewes fed E- fescue
seed (E-/E-, E+/E-). Total caruncle weights were increased (P < 0.04) for ewes fed
E+/E- compared to ewes fed E+ during late gestation (E-/E+ and E+/E+). Caruncle
weights were also increased (P = 0.003) for E-/E- ewes compared to E-/E+. Total
cotyledon weights were reduced (P = 0.02) for E+/E+ ewes compared to E-/E- ewes.
Total placentome number did not differ (P = 0.52) between fescue seed treatments.
Caruncle and cotyledon weights by placentome type did not differ (P > 0.11) among
fescue seed treatments. Total number of each placentome type also did not differ (P >
0.12) among fescue seed treatments. The percentage of A placentomes tended (P = 0.09)
to be greater for E+/E+ ewes compared to all other treatments (E-/E-, E- /E+, or E+/E). The percentage of other placentome types (B, C, or D) did not differ (P > 0.40) by
fescue seed treatment. The development of the sheep placenta occurs rapidly from
approximately d 40 – 80 of gestation with a shift from growth to placental remodeling
past d 80 (Ehrhardt and Bell, 1995). The remodeling phase focuses on increasing
vascularity and overall functional capacity of the placenta during the last half of
gestation to support rapid fetal growth as parturition approaches (Borowicz et al.,
2007). It has been hypothesized that the progression from the less advanced
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morphological type A placentome to the more advanced types B, C, and D may be driven
by compromised intrauterine conditions, especially during late gestation, and may be a
compensatory response to increase vascularity and nutrient exchange in an attempt to
rescue the growing fetus (Hoet and Hanson, 1999; Vonnahme et al., 2006). Morphology
progression has also been seen in cases of undernutrition, hypoxia, and carunclectomy
(Penninga and Longo, 1998; Hoet and Hanson, 1999; Osgerby et al., 2004; Zhang et al.,
2016). However, even in verified cases of adverse intrauterine conditions, advancement
in morphology is not always observed. In some cases, placentome size appears to be a
better indicator of vascular function compared to morphology alone; however, it is
important to note that progression in placentome type is positively correlated with
placentome size and weight (Vonnahme et al., 2008). Ewes fed E+/E+ fescue seed
tended to have a greater percentage of type A placentomes compared to the other fescue
treatments. This, along with the overall reductions in total placental mass, suggests that
exposure to E+ fescue impairs vascular development of the placenta, especially during
late gestation when placental remodeling is occurring. While research examining the
impact of ergot alkaloids on placental development is limited, altered placental
development and fetal growth have been well documented in cases of hyperthermia
which results in severe fetal growth restriction (Bell et al., 1987; Bell et al., 1989;
Thureen et al., 1992; Arroyo et al., 2006). Growth restriction reported in cases of
hyperthermia is similar in severity to that previously associated with the consumption of
fescue seed during gestation (Duckett et al., 2014a). Reductions in uterine blood flow
often accompany hyperthermia and have been reported in sheep and cows (Reynolds et
al., 1985; Bell et al., 1987; Dreiling et al., 1991). It is hypothesized that a vasopressin
mediated response to increased core body temperature may work to redirect blood flow
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away from the uterus, thus resulting in reduced placental growth and development
(Dreiling et al., 1991). Exposure to ergot alkaloids may result in similar reductions in
blood flow to the placenta during development due to their vasoconstrictive nature.
Doppler ultrasonography has shown reduced caudal artery area and blood flow rates in
heifers consuming endophyte-infected tall fescue seed (Aiken et al., 2007; Aiken et al.,
2013). The vasoconstrictive effects were not alleviated after thirty days on an endophytefree diet. Additionally, ergot alkaloids have been known to cause contractile responses in
a variety of vessels and species such as the lateral saphenous veins in cattle, the distal
palmar artery of horses, the carotid and auricular arteries in goats, tail arteries in rats,
and iliac arteries of guinea pigs (Schoning et al., 2001, Klot et al., 2007, McDowell et al.,
2013; Aiken and Flythe, 2014). It was also documented that heifers exposed to E+ fescue
exhibited reductions in the uterine vein and artery (and ovarian vein and artery) during
the later stages of the estrous cycle (Poole et al., 2018). This further supported the
conclusion made by Dyer (1993) that ergovaline, specifically, is a potent vasoconstrictor
in the bovine umbilical and uterine arteries and has the potential to directly impair
blood flow to the uterus and developing placenta during gestation. Restrictions in
uterine blood flow can reduce oxygen content within the placenta, disrupt normal
vascular progression, and stunt overall development (Yates et al., 2011). The current
data suggests that exposure to E+ fescue seed during LATE gestation stunts
development of the placenta as indicated by a 23% reduction in overall placental mass
compared to E- treatment. It is hypothesized that this stunted development is likely due
to the vasoconstrictive effects that ergot alkaloids exert on uterine and placental blood
flow. The effect on placental growth and development seems especially crucial during
the second half of gestation when placental remodeling occurs.
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Placental efficiency.
Total fetal weight per ewe by fescue seed treatment is shown in Figure 4.4.
Feeding E+ fescue seed during LATE gestation (d 86 – 133) reduced (P = 0.01) total
fetal weight per ewe by 15% compared to E- fescue during the same stage of gestation.
Similarly, Duckett et al. (2014a) reported a reduction in birth weight of lambs at
parturition when ewes were fed E+ tall fescue seed; however, the magnitude of the
reduction was greater (36%) in the previous study. There were several differences
between the studies including ewe breed type (Southdown vs. Suffolk), feeding system
(pen vs. individual), and gestational age when fetal weight was obtained (birth vs. d 133
of gestation). Calves born to cows that grazed E+ tall fescue during gestation had
reduced birth and weaning weights (Watson et al., 2004). In contrast, two other studies
did not find differences in calf birth weight when cows grazed E+ tall fescue during
gestation compared to calves born to cows grazing non-toxic, novel endophyte-infected
tall fescue pastures (Caldwell et al., 2013; Shoup et al. 2016). Over 80% of fetal growth
occurs in twin-bearing ewes during the last trimester of gestation which may explain
why ergot alkaloid exposure during late gestation appears to have the greatest impact on
fetal growth (Rattray et al., 1974). The previous study conducted by Duckett et al.
(2014a) also revealed a difference in gestation length based on fescue seed treatment.
Therefore, the present study was conducted to compare fetal weight and composition
based on fescue treatment at the same gestational age.
The ratio of total fetal weight to caruncle weight and total fetal weight to
cotyledon weight are presented in Figure 4.5 and 4.6, respectively. Ewes fed E-/E+
fescue seed tended to have greater (P = 0.07) total fetal weight to caruncle weight
compared to those fed E+ fescue seed during MID gestation (E+/E- and E+/E+). Ewes
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fed E+/E+ fescue seed had greater (P = 0.01) total fetal weight to cotyledon weight
compared to the other fescue treatments. Because placental size directly impacts
nutrient transport potential, placental mass is directly related to fetal growth in utero.
Placental efficiency is defined as the birth weight:placental weight ratio and is indicative
of how well development and function of the placenta adapted to meet the nutrient
demands of the fetus (Wilson and Ford, 2001; Fowden et al., 2009). It has been
established that the sheep placenta undergoes an exponential increase in overall weight
until approximately day 90 with the most rapid growth occurring between day 50 and
60 (Ehrhardt and Bell, 1995). After this, the weight of the placenta actually declines
overtime (Alexander, 1964). Vascular growth in the caruncle appears to be exponential
until approximately day 40 when it levels off (Stegeman, 1972). In contrast, the vascular
growth in the cotyledon remains consistent until mid-gestation before rapidly increasing
thereafter. When fetal weight production is normalized to cotyledon weight, ewes on
E+/E+ treatment exhibited the greatest fetal:cotyledon weight ratio. This was due to a
reduction in both fetal weight and cotyledon weights for E+/E+ ewes. This indicates that
ewes fed E+ fescue seed during MID and LATE gestation may have resulted in placental
adaptation to regulate nutrient transfer efficiency in order to compensate for reductions
in overall placental mass (Hayward et al., 2016). An increase in the fetal:placental
weight ratio has previously been indicative of fetal and placental adaptation that
supports and maintains fetal growth during adverse intrauterine conditions (Fowden, et
al., 2008).
Several genes involved in vascular development, growth regulation, and energy
metabolism were analyzed to determine differences due to fescue seed treatment. The
presence of VEGFA, a growth factor involved in angiogenesis and vascular development,
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is well documented in placental development (Carr et al., 2016). Ergovaline is a known
agonist of the 5HT2A G protein-coupled receptor in the serotonin receptor family (Klotz
et al., 2012). The ERRG1 receptor plays a role in energy metabolism of the placenta
which is impaired in causes of IUGR (Poidatz et al., 2012). The cytochrome P450
enzyme, CYP3A4, has been identified in the xenobiotic metabolism of several ergot
alkaloids (Strickland et al., 2011). An adipocytokine, ADIPOQ, is associated with glucose
regulation and fatty acid breakdown and is secreted in the human placenta (Chen et al.,
2006). The GLUT3 glucose transporter is altered in cases of human IUGR (Janzen et al.,
2013). Additionally, IGF1 and IGF2 are known to regulate fetal and placental growth
during gestation and have been correlated to birth weight in several species (Lee et al.,
1993; Kind et al., 1995; Thakur et al., 2000). The abundance of IGF2 differed (P = 0.02)
based on fescue seed treatment with ewes fed E+ fescue seed during LATE gestation
exhibiting relative abundance levels greater than that of E- ewes (Figure 4.7). Fescue
seed treatment did not alter (P > 0.05) gene expression for any other genes tested in
cotyledon tissue (data not shown). The IGFs are crucial growth factors for fetal
development and are synthesized in both the placenta and the fetus (Borowicz et al.,
2007; Hiden et al., 2009). Previous research has shown that both IGF1 and IGF2 are
present in placental tissues but IGF2 appears to be the predominant IGF present in the
fetal mesoderm (Wathes et al., 1998; Han and Carter, 2000). The same is true for
cotyledon tissue in the present study wherein IGF2 was found to be in greater
abundance than IGF1 at d 133 of gestation. It has been speculated that IGF2 may work
as a sensor to drive changes in the placenta during adverse conditions such as reduced
uteroplacental blood flow or heat stress (Sferruzzi-Perri, 2017). Zhang et al. (2016)
reported similar findings as those discussed here after the removal of maternal
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caruncles in ewes prior to pregnancy. Placental IGF2 abundance was increased (along
with placental capillary volume and surface area) which indicates a level of placental
adaptation, though placental mass and fetal weight were still reduced (Zhang et al.,
2016). Exposure to E+ fescue seed treatment during both MID and LATE gestation
(E+/E+) resulted in greater cotyledon IGF2 abundance which may indicate an attempt
at placental adaptation even though overall placental mass and fetal weights were still
reduced compared to E-/E- ewes.
Ewe organ and tissue weights
Ewe organs and tissue weights are presented in Table 4.5. There were no
differences (P > 0.05) in BW, eviscerated BW, 12th rib fat thickness, 12th rib
longissimus muscle depth, or percent kidney fat between fescue seed treatments. Organ
weights also did not differ (P > 0.05) between fescue seed treatments. The liver is the
primary site of toxicant metabolism and previous research suggests that it plays a role in
the metabolism of ergot alkaloids (Peyronneau et al., 1994; Moubarak and Rosenkrans,
2000). In the case of poultry, feeding high levels of ergot alkaloids increased liver
weights and resulted in hepatotoxic effects (Danicke, 2015, 2016, 2017). Gene
expression for CYP3A4, CYP2E1, IL-6, and GLUT2 were examined in ewe liver tissue.
The CYP3A subfamily, specifically CYP3A4, has been reported in previous literature to
be involved in the metabolism of ergot alkaloids (Moubarak and Rosenkrans, 2000).
Another cytochrome P450 member, CYP2E1, is known to regulate toxins in the maternal
liver that can induce IUGR (Wang et al., 2009). An up-regulation of inflammatory
cytokines, like IL-6, has been reported to cause the down regulation of CYP P450
enzymes (Yang et al., 2012). The GLUT2 transporter is responsible for the bidirectional
movement of glucose by hepatocyte cells and differences in the expression of GLUT2
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could indicate abnormalities in hepatic glucose transport (Bell et al., 1990). Exposure to
E+ fescue seed during MID and/or LATE gestation did not alter (P > 0.05) abundance
of genes tested in the liver but CYP2E1 was found to be in a greater relative abundance
than CYP3A4. The CYP3A family is suspected to be the primary group of xenobiotic
enzymes responsible for metabolism of ergot alkaloids. However, Szotakova et al.
(2004) showed that there is a significant species to species variation in cytochrome
p450 enzymes when it comes to processing xenobiotic compounds. Previously, cows
grazing endophyte-infected tall fescue pastures after heavy nitrogen fertilization
presented with necrotic lesions in the perirenal, pelvic, abdominal, and abomasal fat
tissues at slaughter (Rumsey et al., 1979; Studemann et al., 1985). There was no
evidence of necrotic fat lesions in the perirenal or mesenteric fat depots excised from
any of the ewes in the present study. As a percentage of BW, heart weight tended (P =
0.08) to be heavier for ewes on E+ treatment during LATE gestation.
Several drugs with an agonist action on 5HT2 receptors, including several derived
from ergot alkaloids, are known to increase valvular heart disease (Andrejak and
Tribouilloy, 2013). Valvular heart disease and other chronic diseases of the heart have
been known to increase overall heart weight (Kumar et al., 2014). Additionally, ergot
alkaloids have been known to cause hypertension through vascular smooth muscle
constriction that may lead to myocardial infarctions in extreme cases (Joyce and
Gubbay, 1982). Intravenous infusions of ergotamine tartrate or ergonovine maleate in
heifers resulted in increased diastolic and mean arterial pressures (Browning and LeiteBrowning, 1997). Ergotamine tartrate also increased systolic pressure and lowered heart
rate. Aiken et al. (2007) reported decreased systolic pressure, diastolic pressure, and
heart rate in heifers consuming E+ fescue. Steers on E+ fescue seed experienced
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reduced heart rate and systolic pressures while also experiencing increased diastolic
pressures and respiration rates (Eisemann et al., 2014). They also reported a reduced
heart rate and systolic pressures, and greater diastolic pressures and respiration rates.
Weiner (1980) suggested that blood pressure increase would be related to the peripheral
vasoconstriction.
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4.5 CONCLUSION
Feeding endophyte-infected tall fescue seed during MID and LATE gestation
induces fescue toxicosis in pregnant ewes as indicated by suppressed prolactin levels
and elevated excretion of urinary ergot alkaloids. Our results indicate that exposure to
ergot alkaloids during LATE (d 86 – 133) gestation has the greatest impact on placental
development by lowering uterine and placentome weights; which reduced total fetal
weight per ewe by 15% in ewes fed E+ seed during LATE gestation (E- /E+ and E+/E+).
Exposure to E+ fescue seed during LATE gestation appears to stunt development of the
placenta, likely due to the vasoconstrictive effects of ergot alkaloids, during an especially
crucial stage of gestation when placental remodeling and the majority of fetal growth
occurs. Additional research is needed to assess specific changes in placental structures
or nutrient transporters that may be involved in the negative effects of ergot alkaloids on
placental development and fetal growth during late gestation.
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Table 4.1. Nutrient composition of the diet including total mixed ration (TMR) and
endophyte-infected or endophyte-free tall fescue seed fed during MID and LATE
gestation.
TMR Composition:

% of ration,
DM basis
35.0
25.0
20.5
14.0
4.5
1.0

Corn grain, cracked
Cottonseed hulls
Soybean Hulls
Molasses
Soybean Meal
Limestone

kg hd-1 d-1 DM

Tall Fescue Seed:
Endophyte-infected (E+) seed, Tall Fescue Black
Magic
Endophyte-free (E-) seed, Tall Fescue Bull

0.44

Ergovaline + Ergovalinine
content, mg hd-1 d-1 DM
1.77

0.44

0.00

kg hd-1 d-1 DM

Total Nutrient Composition:
MID gestation, d 35 – 85
TDN
Crude protein
LATE gestation, d 86 – 133
TDN
Crude protein

0.98
0.16
1.42
0.22

92

Table 4.2. Primer sequences.
Gene
VEGFA
5HT2A
ERRG1
CYP3A4
CYP2E1
ADIPOQ
GLUT3
GLUT2
TNFa
IL6
IL1b
IGF1
IGF2
GAPDH

Forward
tcaccaaagccagcacatag
gcagaatgccaccaactattt
agatccccagaccaagtgtg
cagcctggtgctcctctatc
gggaatcttttgcaactgga
caggagtcccaggcagaaag
ctctactgctgggcttcacc
ggttcatggtggctgagttt
gaggtgctctccaacaaagc
cgtcgacaaaatctctgcaa
cagccgtgcagtcagtaaaa
ttgcacttcagaagcaatgg
accctccagtttgtctgtgg
gggtcatcatctctgcacct

Reverse
Cctcggcttgtcacattttt
Accggtacccatagaggatg
Cctcctgaagaatgccttgc
Caaacaccctttcggtagga
Tcctctgccagaaaactcgt
Aagtagtacagcccggggat
Ctttgccttctcctcctcct
Tccgcaatgtactggaaaca
Tggccagagactcacctctt
Gcatccatctttttcctcca
Gaagctcatgcagaacacca
Ggaggatgtgactggcatct
Acacatccctctcggacttg
Ggtcataagtccctccacga
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Efficiency
0.94
0.88
0.92
1.04
1.09
0.90
1.06
0.99
1.00
0.97
1.03
0.98
0.99
1.01

Table 4.3. Maternal body weight, average daily gain, and DMI of ewes fed endophyteinfected (E+) or endophyte-free (E-) seed during MID (d 38-85) / LATE (d 86-133)
gestation.
Fescue treatment
Ewe (n)
Ewe age, yr
Ewe BCS1
Day of gestation
Fetal number/ewe
Fetal sex (1 = male)

E-/E8
4.5
2.8
132.2
1.75
1.46

E+/E8
4.9
3.2
132.4
1.88
1.40

E-/E+
8
5.2
2.8
133.3
1.75
1.54

E+/E+
8
4.8
2.99
133.3
2.00
1.64

SEM

Ewe BW, kg
d 29
d 50
d 85
d 105
d 133

85.62
81.22
91.25
96.50
100.23

81.53
78.69
90.56
96.73
101.96

81.70
79.35
89.94
91.68
93.61

80.94
78.72
94.35
91.31
95.34

3.59
3.30
4.43
3.92
4.04

1.91
2.46a
2.18c

1.91
2.46a
2.17c

1.91
2.34b
2.13d

1.88
2.43a
2.15cd

0.013
0.025
0.014

DMI, kg/d
d 29 – 85
d 86 - 133
Overall, d 29-133

0.30
0.26
0.45
0.20
0.13

ADG, kg/d
d 29 – 85
0.100
0.161
0.147
0.228
0.044
d 86 – 133
0.187a
0.237a
0.076b
0.175ab
0.040
d
c
d
cd
Overall, d 29-133
0.140
0.196
0.114
0.159
0.021
1 BCS scores (1-5; 5 = heaviest condition; 1 = thinnest condition).
abMeans in the same row with uncommon superscripts differ (P < 0.05).
cdMeans in the same row with uncommon superscripts differ (P < 0.10).
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Table 4.4. Effect of feeding E+ or E- tall fescue seed on uterine weight, placentome
weight and placentome numbers during MID (d 35 – 85) / LATE (d 86 – 133) gestation.
Fescue Treatment
Empty uterine weight, g
Total placentome weight, g
Total caruncle weight, g
Total cotyledon weight, g
Total placentome number

E-/E2748.9a
844.32a
207.11ab
636.66ab
98.09

E+/E2726.6a
908.55a
218.47a
690.27a
106.47

E-/E+
2306.6b
684.34b
157.76c
526.02bc
92.22

E+/E+
2386.8b
657.21b
186.92bc
471.21c
97.97

Type A
Cotyledon wt, g
97.43
83.19
87.84
174.79
Caruncle wt, g
45.49
35.24
38.67
77.32
Number
20.6
14.9
20.4
39.0
Number, % of total
19.7d
15.74d
17.7d
40.0c
Type B
Cotyledon wt, g
350.36
305.97
189.87
210.56
Caruncle wt, g
116.27
104.49
66.44
79.47
Number
56.1
55.4
35.9
45.2
Number, % of total
55.7
44.5
38.0
43.0
Type C
Cotyledon wt,g
107.37
202.01
188.67
85.29
Caruncle wt, g
29.48
58.85
43.37
24.50
Number
14.4
28.1
27.8
11.8
Number, % of total
14.4
27.2
34.1
15.0
Type D
Cotyledon wt, g
61.59
105.78
39.74
33.73
Caruncle wt, g
15.86
19.89
9.29
5.64
Number
5.4
8.6
6.5
4.6
Number, % of total
8.2
13.2
8.3
5.3
abMeans in the same row with uncommon superscripts differ (P < 0.05).
cdMeans in the same row with uncommon superscripts differ (P < 0.10).
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SEM
118.3
49.45
10.46
46.68
6.70

37.34
16.74
7.28
7.71
51.57
16.16
8.88
8.26
67.68
17.20
9.40
9.59
43.64
9.51
5.02
6.47

Table 4.5. Ewe tissue and organ weights at d 133 of gestation by endophyte-infected
(E+) or endophyte-free (E-) treatment during d 86 – 133 (LATE) of gestation.
Fescue Treatment
BW at surgery, kg
Eviscerated BW, kg
12th rib fat thickness, cm
Longissimus muscle depth,
cm
KPH fat, g
KPH, % BW
Organ Weights, g
Liver
Kidneys
Heart
Spleen
Organ Weights, % of BW
Liver
Kidneys
Heart
Spleen

E-/E97.61
60.06
0.51
3.63

E+/E101.96
60.69
0.65
3.85

E-/E+
92.93
57.84
0.36
3.74

E+/E+
96.25
55.35
0.45
3.37

SEM
3.49
3.36
0.10
0.26

892.1
0.91

848.4
0.82

700.6
0.73

667.9
0.65

133.0
0.11

1174.7
178.47
366.55
468.87

1169.0
161.58
356.68
432.62

1047.0
164.59
384.71
373.76

1112.3
156.90
375.01
459.57

50.4
6.85
12.57
64.66

1.20
0.18
0.38cd
0.47

1.14
0.16
0.35d
0.42

1.13
0.18
0.42c
0.40

1.17
0.17
0.40cd
0.47

0.049
0.010
0.018
0.060
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Figure 4.1. Urinary ergot alkaloid excretion over time in ewes fed endophyte-infected (E+) or endophyte-free (E-) seed
during d 35 – 85 (MID) / d 86 – 133 (LATE) of gestation.
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Figure 4.2. Log transformed serum prolactin concentrations over time in ewes fed endophyte-infected (E+) or
endophyte-free (E-) seed during d 35 – 85 (MID) / d 86 – 133 (LATE) gestation.
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Figure 4.3. Insulin-like growth factor 1 (IGF1) serum concentrations for ewes fed endophyte-infected (E+) or endophytefree (E-) seed during d 35 – 85 (MID) / d 86 – 133 (LATE) of gestation.
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Figure 4.4. Total fetal weight (g) produced per ewe at d 133 of gestation for ewes fed endophyte-infected (E+) or
endophyte-free (E-) seed during MID (d 35 -85) / LATE (d 86-133) gestation.
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Figure 4.5. Total fetal weight (g) normalized to caruncle weight (g) for ewes fed
endophyte-infected (E+) fescue seed or endophyte-free (E-) fescue seed treatment
during MID (d 35 – 85) / LATE (d86-133) gestation.
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Figure 4.6. Total fetal weight (g) normalized to cotyledon weight (g) for ewes fed
endophyte-infected (E+) seed or endophyte-free (E-) seed treatment during MID (d 35
– 85) and LATE (d 86 – 133) gestation.
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Figure 4.7. Insulin-like growth factor 2 (IGF2) mRNA abundance levels in cotyledon
tissue for ewes fed endophyte-infected (E+) or endophyte-free (E-) seed during MID (d
35 – 85) / LATE (d 86 – 133) of gestation. *Denotes treatment differs from E-/E- (P <
0.04).
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5.1 ABSTRACT
Consumption of ergot alkaloids, specifically ergovaline, found in endophyteinfected tall fescue causes potent vasoconstriction and has been linked to reductions in
placental mass and fetal growth and development. The objective of this study was to
elucidate differences in the cotyledonary transcriptome of ewes consuming ergovaline
during gestation through RNA-sequencing. Suffolk ewes were randomly assigned to E+
(endophyte-infected) or E- (endophyte-free) tall fescue seed during MID (d35–85) or
LATE (d86–133) gestation which provided four dietary treatments: E-/E-, E+/E-, E/E+, E+/E+. Cotyledon samples from E-/E- and E+/E+ treatments were selected for
RNA-sequencing. Differential gene expression analysis was utilized for Gene Ontology
(GO) and KEGG pathway analysis. Out of 13,572 identified genes, 110 were upregulated
and 33 were downregulated. Four genes had a |log2FC|>5 for ewes consuming E+/E+
treatment compared to controls: LECT2, SLC22A9, APOC3, and MBL2. REViGO
revealed clusters of upregulated genes associated with responses to glucose,
carbohydrates, and xenobiotic stimuli and lipid and protein metabolism. For
downregulated genes, no clusters were present, but all enriched GO terms were
associated with transport. The complement and coagulation cascade and PPAR
signaling pathway were found to be enriched for ewes consuming E+/E+ treatment.
Consumption of ergovaline altered the cotyledonary transcriptome and the metabolism
of and response to proteins, lipids, and carbohydrates. An increase in protein and lipid
metabolism may work to supply the fetus with additional substrates while an
upregulation in carbohydrate biosynthesis and the coagulation and complement cascade
have been linked to placental insufficiency in humans.
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5.2 INTRODUCTION
Intrauterine growth restriction (IUGR) is defined as the inability for a fetus to
reach its expected growth potential in-utero (Sharma et al., 2017). IUGR is often
characterized by asymmetrical growth in which brain development is spared at the
expense of overall growth (Cohen et al., 2015). The most common cause of IUGR is
placental insufficiency in which reductions in placental mass or impaired placental
transport capacity leads to an inefficient transfer of substrates to the growing fetus
(Morrison, 2008). In most mammalian species, uterine and umbilical blood flows are
directly correlated with placental and fetal weights (Reynolds et al., 2005a; Reynolds et
al., 2005b) and reductions in uterine blood flow can lead to stunted fetal growth and an
increase in offspring morbidity and mortality (Lang et al., 2003; Marconi et al., 2009).
Conditions that negatively influence fetal growth, such as maternal undernutrition or
increased fetal number, are often associated with reductions in nutrient uptake, blood
flow, and placental angiogenesis (Wallace et al., 2005; Reynolds et al., 2006).
Angiogenesis and vasodilation of the uterine and placental vessels are the primary
mechanisms that work to increase blood flow during gestation. Furthermore,
establishment of efficient fetal and maternal vascular beds within the placenta is crucial
to support the rapid increase in placental blood flow, especially during the later stages of
gestation when the majority of fetal growth occurs (Reynolds et al., 2005a; Reynolds et
al., 2005b). The placenta is rich in proangiogenic and antiangiogenic factors that work
to increase and fine-tune placental vascular development, respectively (Chen and Zheng,
2014). While the regulation of vascularization is extensive, several primary angiogenic
factors have been identified. These include vascular endothelial growth factors (VEGF),
fibroblast growth factors (FGF), angiopoietins (ANGPT), endothelial nitric oxide
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synthase (NOS3), hypoxia inducible factor-1 (HIF1A) and several of their receptors
(Reynolds et al., 2010).
Cases of IUGR are well documented in most livestock species and are linked to
overnutrition (Wallace et al., 2003), undernutrition (Quigley et al., 2008), heat stress
(Thureen et al., 1992), and hypoxia (Allison et al., 2013). Recently, exposure to
ergovaline, a potent ergot alkaloid found in endophyte-infected tall fescue, has been
linked to fetal growth restriction in both cattle (Watson et al., 2004) and sheep (Duckett
et al., 2014; Greene et al., 2019) most likely due to their vasoconstrictive effects (Britt et
al., 2019b). Tall fescue [Lolium arundinaceum (Schreb.) Darbysh] is a perennial cool
season forage grass and is grazed extensively by ruminant livestock species, especially in
the southeastern U.S. (Stuedemann and Hoveland, 1988). The biological activity of ergot
alkaloids originates from their similarity to biogenic amines such as norepinephrine,
serotonin, and dopamine (Berde, 1980; Weber, 1980) and they exert their effect through
interactions with three primary receptors – the D2 dopaminergic receptor, the α-2
adrenergic receptor, and the 5HT2α serotonergic receptor – which are found in
abundance throughout the vascular system (Dyer, 1993; Larson, 1997; Oliver et al.,
1998; Klotz et al., 2012; Klotz et al., 2013).
Sheep, and other ruminants, have a cotyledonary placental structure in which the
maternal-fetal interface occurs at specific, discrete locations (Benirschke, 2004). Prior
to pregnancy, the uterine wall contains many maternal projections, known as caruncles,
which are capable of vascular development. When the chorion and caruncle meet,
extensively branched fetal villi develop and are surrounded by the maternal caruncle.
This forms the functional unit of the ruminant placenta known as the placentome
(Bowen, 2011). There may be upwards of 70 – 100 placentomes that work collectively to
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exchange nutrients, gases, and wastes throughout gestation (Benirschke, 2004). The
ovine placenta experiences an exponential increase in weight until approximately day
80 with a period of rapid growth between day 50 and 60 (Ehrhardt and Bell, 1995).
Vascular development of the caruncle increases exponentially until around day 40 when
it levels off (Stegeman, 1972). In contrast, development of the cotyledon, the fetal
portion of the placentome, remains constant until mid-gestation when vascularization
accelerates exponentially.
Britt et al. (2019) reported that consumption of fescue seed containing ergovaline
resulted in a 23% reduction in placental mass for ewes exposed during late gestation. It
was hypothesized that this was likely the result of vasoconstrictive effects exerted on
uterine and placental blood flow which have previously been established with ergovaline
(Dyer, 1993). While several angiogenic and vascular growth factors were investigated in
the placental tissues of ergovaline-fed ewes, no differences were established. Therefore,
the objective of this study was to elucidate the differences in the cotyledonary
transcriptome of ewes consuming ergovaline during gestation through the use of
Illumina RNA-sequencing (RNA-Seq).
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5.3 MATERIALS AND METHODS
All animal experimental procedures were reviewed and approved by the Clemson
University Institutional Animal Care and Use Committee (AUP 2014-081).
Experimental Design.
Placental samples utilized in this study were collected from a previous study
reported by Britt et al. (2019). Briefly, Suffolk ewes (n = 57; BW = 78.24 kg ± 9.5) naïve
to endophyte-infected tall fescue were divided into 10 groups (n = 5-7/group) for estrus
synchronization. Ewes (n =36; 4/group; 9 groups) that were confirmed pregnant by
transrectal ultrasound and estimated to be carrying twins were randomly assigned to
treatments. Ewes within group were randomly assigned to E+ (endophyte-infected; 1.77
mg/head/day of ergovaline and ergovalinine) or E- (endophyte-free; 0 mg/head/day of
ergovaline and ergovalinine) tall fescue seed during MID (d 35 – 85) and/or LATE (d 86
– 133) gestation which provided four dietary treatments: E-/E-, E+/E-, E-/E+, and
E+/E+. E- seed with was utilized as a control. Samples of seed and a custom total mixed
ration (TMR) were subjected to nutrient analyses and rations were developed to meet
NRC requirements for pregnant ewes with twins during early and late gestation [34].
Ewes were individually stalled each morning and fed fescue seed (E+ or E-) mixed in
TMR.
Sample Collection.
On d 133 ± 1 of gestation, ewes were anesthetized and subjected to a midventral
laparotomy. Immediately following removal of the first fetus, a placentome of the type B
morphology according to Vatnick et al. (1991) was selected adjacent to the initial
incision. If a true type B placentome was unavailable adjacent to the initial incision, a
placentome closest in morphology to type B was selected instead. Any remaining
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endometrial and fetal membranes were removed. The cotyledon and caruncle were
separated and the cotyledon was flash frozen in liquid nitrogen for RNA sequencing.
Sample Preparation and RNA Sequencing Analysis.
A subsample of ewes (n = 8; 4/trt for E-/E- and E+/E+) were selected for mRNA
sequencing based on the mean response for placental mass for both E-/E- and E+/E+
treatments. Total cellular RNA was extracted using Trizol reagent and the PureLink
Mini RNA purification kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA)
according to manufacturer instructions. RNA quantity was estimated using a NanoDrop
1000 Spectrophotometer (ThermoFisher). RNA integrity was determined using an
Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA). All samples submitted for RNAseq
had a RIN value of 9.3 or greater. RNA samples were shipped on dry ice to LCSciences
(Houston, TX) for mRNA sequencing. Library preparation was completed using the
Illumina Small RNA Sample Preparation Kit (Illumina, San Diego, CA USA). Samples
were sequenced to an average sequencing depth of 10M reads using an Illuminia HiSeq
2500 sequencing platform at 50bp single end reads. Downsampling to ensure uniform
coverage between samples was done using seqtk v1.3-r106
(https://github.com/lh3/seqtk). FastQC v0.11.7 was used to check quality of the
samples (Andrews, 2010). Any low quality bases and adapter sequences were trimmed
using Trimmomatic v0.38 (Bolger et al., 2014). After trimming, 84.8% of the total
trimmed reads across all samples were aligned to the ovine reference genome
(ftp://ftp.ensembl.org/pub/release-96/fasta/ovis_aries/) using GSNAP v2018-07-04
(Wu and Nacu, 2010). Subread’s featureCounts v1.6.2 software was utilized to count
uniquely mapped reads that aligned to known genes in the reference genome (Liao et al.,
2014). Raw gene counts were input to edgeR v3.22.5 and genes with at least 4 samples
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having at least 1 count per million (cpm) were kept and these counts were normalized
(Robinson, et al., 2010). A principal coordinates analysis plot was constructed showing
one sample from each treatment to be an outlier. Sequencing and mapping data are
shown in Table 5.1. These samples were removed leaving n = 3/treatment as seen in
Figure 5.1. Raw counts from the subset samples were rerun through edgeR, filtering out
genes with less than 3 samples having a cpm of less than 1, and used to calculate
differentially expressed genes (DEG) in E-/E- vs E+/E+. A volcano plot was generated
from the data. Genes were considered differentially expressed if their false discovery
rate (FDR) was < 0.05 and their |log2FC| was greater than or equal to 1.
Gene ontology (GO) and KEGG pathway analysis.
Gene ontology (GO) enrichment analysis was conducted using Panther 14.1
(http://pantherdb.org/). All DEGs with a |log2FC| greater than or equal to 1 were used
to analyze upregulated and downregulated gene sets separately. Bos taurus was utilized
as a reference in the absence of the sheep genome. Panther GO-Slim was used to assess
biological process (BP), molecular function (MF), and cellular component (CC).
Enriched GO terms were semantically clustered and visualized using REViGO.
Upregulated and downregulated genes were analyzed separately. David (v 6.8) was used
to determine KEGG pathway enrichment.
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5.4 RESULTS
PCoA and RNAseq Data.
A Principle Coordinates Analysis (PCoA) was conducted to visualize variation in
the samples (Fig. 1). Principle component 1 (PC1) accounted for 29.39% of the variation
in the samples and separated the samples based on fescue treatment. Principle
component 2 (PC2), which accounted for 20.22% of the variation, showed some
separation for the control samples while the treatment samples remain closely
associated with one another. In total, 13,572 genes were identified through mapping to
the ovine genome across all samples. Out of these, 110 genes were upregulated (FDR <
0.1) with 15 having a Log2FC between 0 and 1. The remaining 95 upregulated genes had
a Log2FC ≥ 1. There were a total of 33 genes that were downregulated with 17 having a
Log2FC between 0 and -1. The remaining 16 downregulated genes had a Log 2FC ≤ -1. A
volcano plot for all DEGs detected in cotyledon tissues for ewes on E+/E+ fescue
treatment compared to E-/E- is presented in Figure 5.1. Black dots represent an FDR ≥
0.10 or |log2FC| < 1 while colored dots represent genes determined to be differentially
expressed with a |log2FC| ≥ 1 and an FDR < 0.10.
Genes of interest.
Genes of interest with an FDR < 0.01 and |log2FC| > 3 are presented in Table 2.
Four genes had a |log2FC| > 5 in the cotyledon for ewes consuming E+/E+ treatment
compared to E-/E- treatment. These included leukocyte cell derived chemotaxin 2
(LECT2), solute carrier family 22 member 9 (SLC22A9), apolipoprotein C3 (APOC3),
and mannose binding lectin 2 (MBL2). In some cases, multiple genes within a given
gene family were identified as being upregulated in the cotyledon tissue of E+/E+
treated ewes compared to E-/E- treatment. Five apolipoproteins (APOs) were
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upregulated including APOC3, APOC4, APOA1, APOB, and APOH. Several serine
proteinase inhibitor (SERPIN) genes were also identified including SERPINA3-8,
SERPINF2, SERPINA1, and SERPIND1. Inter-alpha-trypsin inhibitor heavy chains
(ITIH) 1, 2, and 3 and two cytochrome P450 genes, CYP3E1 and CYP2A6, were also
found to be upregulated in E+/E+ treatment compared to the control.
Gene Ontology and KEGG pathway analysis.
REViGO generates a cluster representation of enriched biological process Gene
Ontology (GO) terms among upregulated genes. The REViGO analyses can be seen in
Figure 5.3 for upregulated and downregulated genes. A closer proximity denotes a closer
relationship between the terms and an increase in size indicates fold-change. For
upregulated genes, the most tightly associated cluster included responses to glucose,
carbohydrates, and xenobiotic stimuli. There were two GO term clusters associated with
lipid and protein metabolism. Several GO terms representing the response to starvation,
regulation of wound healing, and liver development were also present but fairly
independent of other terms. For downregulated genes, no clusters were present, but all
enriched GO terms were associated with transport. This included anion, monocarboxylic
and organic acid, and drug transmembrane transport. There was an enrichment for the
regulation of peptide breakdown in E+/E+ cotyledon tissue compared to the control
tissues. There was a fold enrichment of 15 or more for several types of peptidase and
endopeptidase activity which included both regulation and inhibition of activity. The
molecular functions of protease binding, carboxylic ester hydrolase activity, and
carbohydrate derivative binding were also highly enriched in the gene set. As shown
Table 3, KEGG pathway analysis identified two distinct pathways that were upregulated
in E+/E+ treated samples. The complement and coagulation cascade was highly
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enriched and included PLAT, MBL2, C9, C6, C1S, PLG, FGG, FGA, SERPINF2,
SERPINC1, SERPINA1 and SERPIND1. The PPAR signaling pathway was also enriched
and included APOA2, EHHADH, APOC3, APOA5, FABP1, ADIPOQ, PCK1.
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5.5 DISCUSSION
During the first half of gestation the ovine placenta experiences rapid
proliferative growth and peaks in weight around day 80 (Ehrhardt and Bell, 1995). After
this, the placenta begins a period of cellular proliferation and tissue remodeling in
which the connective tissue in the core of the fetal villi is replaced by vascular beds
(Stegeman, 1972; Borowicz et al., 2007). This remodeling period is crucial to support
exponential fetal growth during the latter half of gestation (Borowicz et al., 2007). The
caruncle develops through an increase in vascular size while the cotyledon grows
through the process of extensive branching. This angiogenic development in the
cotyledon results in a 12-fold increase in capillary density, a decrease in capillary size,
and continues throughout late gestation (Reynolds et al., 2010). Previous research
documents the extensive list of vascular and growth factors necessary during this
process throughout mid and late gestation (Reynolds and Redmer, 2001; Reynolds et
al., 2005a; Borowicz et al., 2007; Carr et al., 2016) and differences in gene expression
have been reported in cases of undernutrition (Redmer et al., 2012), hyperthermia
(Regnault et al., 2002), and hypoxia (Zhang et al., 2001) which result in placental
insufficiency and IUGR. Ergot alkaloids are known to cause vasoconstriction in the
bovine uterine and umbilical arteries potentially limiting blood flow to the developing
placenta (Dyer, 1993). Britt et al., (2019) reported a 23% and 10% reduction in
cotyledon and fetal weights, respectively, indicating the presence of placental
insufficiency and IUGR in the samples utilized here. While the majority of vascular and
growth factors previously reported in ovine placental tissues were present in the
cotyledon, they did not differ based on fescue seed treatment. In addition to vascular
and growth factors, the most abundant mRNA present in cotyledon tissues across all
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samples and treatments are presented in Figure 5.2. Limited research has been
conducted investigating the cotyledon transcriptome, especially during late gestation.
Many of these mRNA have not been previously reported in the ovine placenta.
During late gestation, the primary function of the placenta is to facilitate nutrient
exchange to the fetus in order to keep pace with exponential fetal growth (Reynolds and
Redmer, 1995). It’s important to remember, however, that the placenta is also a
metabolically active organ with specific energy and nutrient requirements (Vaughan and
Fowden, 2016). REViGO revealed several upregulated GO clusters associated with
macromolecule metabolism in the cotyledon of ewes exposed to E+ fescue seed during
gestation compared to those ewes on E- treatment. These included protein and lipid
metabolism. In addition to transport, the placenta also utilizes, produces, and converts
amino acids throughout gestation (Vaughan and Fowden, 2016). In sheep, the placenta
is a net consumer of glutamate, serine, valine, leucine and isoleucine and shuttles
greater concentrations of glutamine, methionine and glycine towards the fetus
compared to levels found in maternal uterine circulation (Chung et al., 1998). Therefore,
there must be significant utilization and/or conversion of amino acids (Vaughan and
Fowden, 2016). The placenta experiences a high level of protein synthesis during late
gestation due to the changes in placental morphology. It was hypothesized that this
period would result in a high rate of protein turnover (Bell and Ehrhardt, 2002).
Nutritional stress in sheep has been shown to alter fetoplacental amino acid metabolism
and cycling and in some cases changes in metabolism appear permanent (Liechty et al.,
1991; Kwon et al., 2004). The upregulation in protein metabolism and proteolysis in the
cotyledon of E+/E+ fescue treated ewes may indicate increased efforts towards placental
remodeling during cases of placental insufficiency. Triglyceride and cellular lipid
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metabolism were also upregulated in E+/E+ cotyledon samples compared to control
ewes. While lipids and free fatty acids are required for growth and development of both
the fetus and placenta, transport across the placenta appears minimal for most livestock
species (Vaughan and Fowden, 2016). In sheep, the placenta may hydrolyze esterified
lipids as well as desaturate and elongate fatty acids. These processes along with the
synthesis of lipids from glucose and ketoacids, may provide the necessary fats for both
placental and fetal tissues during gestation (Bell and Ehrhardt, 2002). Research also
shows that volatile fatty acids (VFAs) produced through the process of rumen
fermentation are utilized by the placenta and transported to the fetus in both cows and
sheep (Vaughan and Fowden, 2016). In sheep, β‐hydroxybutyrate is consumed by the
placenta with very little transport to the fetus while acetoacetate is distributed equally
between the placenta and fetus (Carver and Hay, 1995). In cows, placental utilization of
acetate is up to 10-fold higher compared to fetal tissues on a weight basis (Comline and
Silver, 1976). It is hypothesized that the placental utilization of VFAs may work to
generate ATP or synthesize fatty acids and, in adverse conditions, lipids could be utilized
as an alternate energy source if insufficient glucose is available (Christie and Noble,
1982; Fowden et al., 1994). In cases of maternal undernutrition in sheep, there is an
increase in placental fatty acid transporters (Ma et al., 2011) and placental lipid
metabolism is known to be altered in cases of IUGR (Cetin and Alvino, 2009).
Additionally, KEGG pathway analysis determined that peroxisome proliferator-activated
receptor (PPAR) signaling was upregulated in the cotyledon of E+/E+ treated ewes.
Recent research has elucidated critical roles for PPARs in placental development and
the pathophysiology of IUGR. The PPARs are ligand-activated transcription factors that
regulate gene expression in a variety of tissues and play a critical role in placental lipid
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metabolism (Xu et al., 2007). Human placentae were found to have increased PPAR
expression levels in cases of preeclampsia and IUGR when compared to controls and it
has been suggested that this may be an adaptive response to compensate for insufficient
placental development (Holdsworth-Carson et al., 2010). Additionally, APOC3 is found
within the PPAR pathway and had a 5-fold greater expression in cotyledon samples from
E+/E+ treated ewes. It is associated with hypertriglyceridemia and elevates plasma
triglyceride levels by preventing clearance of VLDLs and HDLs but limited research is
available denoting its presence or role in placental function. Britt et al., (2019) reported
that, while overall placental and fetal weights were compromised, the fetal:placental
weight ratio was increased in ewes on E+/E+ treatment. The increase in protein
turnover and lipid metabolism in the cotyledon tissue of ewes on E+/E+ fescue seed
may contribute to the increased fetal:placental weight ratio by supplying additional
substrates necessary for growth of the placenta and/or fetus. While this may be an
attempt to rescue placental development and fetal growth in subpar uterine
environments, total placental and fetal weights were still reduced for E+/E+ ewes.
Ewes on E+/E+ fescue seed treatment during gestation also experienced an
upregulation in genes associated with responses to carbohydrates and glucose and
carbohydrate biosynthesis. The main carbohydrate utilized by the placenta is glucose
which is transported by GLUT transporters through the process of facilitated diffusion
(Vaughan and Fowden, 2016). Under normal conditions the majority of glucose is
derived from maternal circulation, but glucose can be derived from fetal blood if
maternal concentrations are lacking (Simmons et al., 1979). Because of dependence on
the concentration gradient, changes in the placental uptake and consumption of glucose
is directly related to changes in the maternal concentrations (Hay et al., 1990). The
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upregulation in genes associated with responses to carbohydrates and glucose may
indicate a response to an increase in maternal concentrations of glucose reaching the
placenta. However, jugular plasma glucose concentrations were not different based on
fescue seed treatment in the associated study (Britt et al., 2019b). During late gestation,
placental consumption of glucose is up to 10 times higher than that of the fetus for the
production of ATP and other sugars and carbohydrates (Vaughan and Fowden, 2016). In
sheep, additional carbohydrates such as lactate and fructose are produced and shuttled
to umbilical and uterine circulations. In growth restricted placentae of sheep, there is a
reduction in overall glucose consumption on a placental weight basis, but an increase in
the conversion of glucose (or other substrates) to lactate by the placenta much of which
is shuttled to the fetus (Owens et al., 1987). The increase in carbohydrate biosynthesis in
the present study may represent a similar scenario in which glucose or other substrates
are converted to lactate or fructose at an increased rate in ewes on E+/E+ fescue seed
treatment.
A primary function of the placenta is to facilitate nutrient exchange to the fetus
through the use of transport systems. Transporters are in place to mediate the transfer
of endogenous compounds across the placental barrier but, in some cases, transporters
accept specific exogenous substrates such as drugs or xenobiotics if they are present
(Ganapathy and Prasad, 2005). Such transporters are identified as drug transporters
and include monocarboxylate transporters (MCTs) and anion transporters (Ganapathy
and Prasad, 2005). In general, MCTs work to transport lactate, much of which is
produced by placental metabolism when glucose is in short supply (Nagai et al., 2010).
The placenta also uses anion transporters, such as organic anion transporters (OATs),
which have been discovered in almost all barrier epithelia within the body (Nigam et al.,
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2015). Both MCTs and OATs also function to transport a wide range of drugs and toxins
in addition to their endogenous substrates (Ganapathy and Prasad, 2005). Ewes on
E+/E+ fescue seed treatment experienced a consistent downregulation in a variety of
transport systems, including monocarboxylic acid and anion transport, within the
cotyledon compared to ewes on the control treatment. In contrast, solute carrier family
22 member 9 (SLC22A9; also known as OAT7) experienced a 5-fold increase in the
cotyledon from E+/E+ ewes and was previously thought to be liver-specific (Jungst et
al., 2012). It is also unknown if altered expression of the transport systems listed here
are associated with ergot alkaloid exposure or secondary to placental insufficiency and
IUGR. While it has been hypothesized that ergot alkaloids have the ability to cross the
placental barrier, more research is necessary to determine which transport systems may
be involved (Klotz et al., 2019).
KEGG pathway analysis determined that the complement and coagulation
cascade pathway was highly upregulated in the cotyledon of E+/E+ treated ewes. While
the complement and coagulation networks are distinct, several key crossover points
keep them linked and both must be tightly regulated during pregnancy. Increased
thrombin production, which has been associated with preeclampsia and IUGR, may be a
result of increased activation of the coagulation cascade beyond that of normal
pregnancy (Klaitman et al., 2013). Additionally, several coagulation components are
necessary for vascular differentiation which is often impaired in the placentae of
preeclamptic women (Klaitman et al., 2013). Regulation of the innate and adaptive
immune response through the complement system is necessary for successful placental
and fetal development (Regal et al., 2015). While some degree of activation is required,
early embryonic loss and IUGR are often associated with increased complement
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activation (Regal et al., 2015). The complement system has three routes of activation:
the classical pathway, alternate pathway, and the mannose-binding lectin pathway. The
cotyledon samples of ewes exposed to E+/E+ fescue seed treatment had a 5-fold
upregulation of mannose-binding lectin (MBL) which functions as a critical part of the
innate immune system and works as a first line of defense against microorganisms
(Takahashi and Ezekowitz, 2005). Under normal physiological conditions, MBL does
not recognize an organisms own tissues. However, in cases of cellular hypoxia, altered
cell surface glycosylation can stimulate MBL and activate the complement system
(Collard et al., 2000). It is hypothesized that ergot alkaloid exposure induces
uteroplacental insufficiency through its vasoconstrictive effects (Britt et al., 2019a). This
may also result in placental hypoxia, which is often associated with placental
insufficiency and impaired utero-placental blood flow, and could work to stimulate MBL
and the complement cascade.
Interestingly, leukocyte cell-derived chemotaxin 2 (LECT2) was the most
upregulated gene with a 7-fold increase in the cotyledon samples of E+/E+ treated ewes,
but is not directly linked to any of the biological processes or pathways discussed here.
LECT2 is most commonly found in liver tissue or as a hepatokine present in the
bloodstream. Since its discovery as a chemotaxin, it has been speculated that LECT2
may also play a role in liver regeneration, immune response, glucose metabolism, and
cancer (Slowik and Apte, 2017). To our knowledge, LECT2 has not previously been
identified in placental tissues and has not been associated with IUGR or placental
insufficiency. Therefore, further research is warranted to investigate the role of LECT2
in cases of ergot alkaloid exposure and abnormal placental development.
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5.6 CONCLUSION
In summary, the present study suggests that the cotyledon transcriptome was
altered for ewes exposed to ergot alkaloids throughout mid and late gestation when
compared to control ewes. While vascular and growth factors were present at d 133 of
gestation, there were no differences in expression levels based on fescue seed treatment.
Instead, protein and lipid metabolism of the placenta was significantly upregulated
which could work to supply the fetus with additional substrates for growth. The
response to and biosynthesis of carbohydrates, including glucose, was also upregulated
for E+/E+ ewes which may indicate an increase in the conversion of glucose to lactate
which was previously reported in growth restricted placentae of sheep. Several
categories of drug transporters, including MCTs and anion transporters, were found to
be down regulated in the cotyledon of E+/E+ ewes while SCL22A9, a previously liver
specific transporter, was found to be upregulated. The coagulation and complement
cascade pathway, which has previously been linked to placental insufficiency and IUGR,
was found to be highly enriched in E+/E+ cotyledon samples and may be activated by
MBL under hypoxic conditions in the placenta. LECT2 was found to be highly
upregulated in the cotyledon of ewes on E+/E+ fescue seed treatment and has not
previously been associated with placental insufficiency or IUGR.
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Table 5.1. Summary of reads mapped to the ovine genome.
E-/E- Fescue Treatment
Sample

C1

Raw
10,576,330
Reads
Clean
8,656,393
Reads
Total
12,594,154
Mapped
Mapped %
98.82

E+/E+ Fescue Treatment

C2

C3

T1

T2

T3

10,770,727

8,425,934

10,988,240

9,267,649

10,034,493

8,696,340

7,199,597

9,402,716

8,308,713

8,386,543

12,827,493

10,576,912

13,382,630

11,831,805

11,940,515

98.77

98.85

98.87

98.89

98.81
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Table 5.2. Candidate genes from cotyledon tissues for ewes on E+/E+ fescue treatment
compared to E-/E- at d 133 of gestation. Only genes with a |log 2FC| > 3 and a FDR <
0.01 are displayed.
Gene
Symbol
LECT2
SLC22A9
APOC3
MBL2
PCK1
APOC4
FMO1
ACSM1
FABP1
SERPINA3-8
FMO3
CYP2E1
SPP2
AMBP
ADH1C
ITIH3
PLG
AGT
HP-25
TTR
SERPINF2
HPD
HPX
VTN
C6
FGA
PAH
APOH
ALB
HP
CPS1
ORM1
STRA6

Gene Name
leukocyte cell derived chemotaxin 2
solute carrier family 22 member 9
apolipoprotein C3
mannose binding lectin 2
phosphoenolpyruvate carboxykinase 1
apolipoprotein C4
flavin containing monooxygenase 1
acyl-CoA synthetase medium chain family member 1
fatty acid binding protein 1
serpin A3-8
flavin containing monooxygenase 3
cytochrome P450, family 2, subfamily E, polypeptide 1
secreted phosphoprotein 2
alpha-1-microglobulin/bikunin precursor
alcohol dehydrogenase 1C
inter-alpha-trypsin inhibitor heavy chain 3
plasminogen
angiotensinogen
protein HP-25 homolog 1
transthyretin
serpin family F member 2
4-hydroxyphenylpyruvate dioxygenase
hemopexin
vitronectin
complement C6
fibrinogen alpha chain
phenylalanine hydroxylase
apolipoprotein H
albumin
haptoglobin
carbamoyl-phosphate synthase 1
orosomucoid 1
stimulated by retinoic acid 6
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Log Fold
Change
6.96
5.43
5.38
5.34
4.83
4.53
4.13
4.06
3.87
3.75
3.49
3.47
3.39
3.33
3.28
3.26
3.19
3.16
3.14
3.13
3.11
3.08
3.08
3.08
3.07
3.06
3.05
3.05
3.05
3.04
3.01
3.02
-3.05

FDR
1.15E-09
5.44E-03
7.90E-10
4.96E-03
1.36E-08
7.58E-06
2.10E-05
1.63E-04
1.92E-04
1.45E-06
3.31E-06
8.43E-04
2.95E-07
5.21E-15
3.64E-06
3.08E-09
7.84E-12
6.73E-06
5.44E-03
7.84E-12
1.43E-05
2.60E-04
3.08E-09
2.45E-19
1.30E-05
2.70E-06
1.43E-05
2.95E-07
7.06E-03
3.02E-04
1.45E-06
4.06E-07
8.80E-03

Table 5.3. KEGG pathway enrichment analysis using David (v 6.8) showed enrichment
in the complement and coagulation cascade and PPAR signaling pathway for ewes on
E+/E+ fescue compared to E-/E- treatment.
Code
Oas04610

Pathway
Complement and
coagulation cascades

FDR
2.44E-13

Oas03320

PPAR signaling

3.06E-03
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Associated genes
PLAT, MBL2, C9, C6,
C1S, PLG, FGG, FGA,
SERPINF2, SERPINC1,
SERPINA1, SERPIND1
APOA2, EHHADH,
APOC3, APOA5,
FABP1, ADIPOQ,
PCK1

Figure 5.1. (A) Principle Coordinates Analysis (PCoA) plot for RNAseq results in cotyledon tissues for ewes on E+/E+
fescue treatment compared to E-/E- at d 133 of gestation and (B) volcano plot for all differentially expressed genes (DEGs)
detected in cotyledon tissues for ewes on E+/E+ fescue treatment compared to E-/E- at d 133 of gestation. Black dots
represent an FDR ≥ 0.10 or |log2FC| < 1. Colored dots represent genes determined to be differentially expressed with a
|log2FC|>1 and an FDR < 0.10. Differences in color represent varying degrees of FC.

A

B
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1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

TIMP2
TIMP3
CPXM1
CAPN6
PLET1
LGMN
CALR
AXL
ADM
ANXA2
GAPDH
PGF
ANGPT1
NRP1
KDR
VEGFA
IGF2
TIE1
TEK
ANGPT2
GUCY1B1
FGFR1
FLT1
NOS3
FGF2

Average LogCPM
(noramlized to GAPDH)

Figure 5.2. The average LogCPM normalized to GAPDH across all cotyledon samples regardless of treatment including
vascular and growth factors and genes with high levels of expression that have not previously been identified in ovine
cotyledon samples.

Genes of Interest

Figure 5.3. A scatterplot generated with REViGO shows a cluster representation of enriched biological process
Gene Ontology (GO) term among upregulated genes (A) and downregulated genes (B).

A

B
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6.1 ABSTRACT
Ergot alkaloids found in endophyte-infected tall fescue induce placental
insufficiency and lead to an increased fetal: placental weight ratio. This may
indicate an adaptive response as seen in other cases of placental insufficiency
such as hypoxia and hyperthermia. The objective of this study was to assess how
feeding tall fescue seed containing ergot alkaloids from d 35 – 133 of gestation
affects the structure and vascular development of the ovine placenta. Suffolk ewes
were randomly assigned to E+ (endophyte-infected) or E- (endophyte-free) tall
fescue seed during MID (d35–85) or LATE (d86–133) gestation which provided
four dietary treatments: E-/E-, E+/E-, E-/E+, E+/E+. Placentome samples from
E-/E- and E+/E+ treatments were selected for histology. Samples were stained
using H&E for traditional microscopy and smooth muscle cell actin (SMCA),
collagen IV, matrix mellanoproteinase-9 (MMP-9), and rhodamine-lectin for
immunofluorescence. The H&E staining revealed amorphous connective tissue
(ACT) regions that were larger and more numerous in placentomes of E+/E+
treated ewes wherein SMCA showed increase luminal vessel area for E+/E+ ewes
compared to E-/E- controls. Collagen IV staining appeared brighter in E+/E+
samples while MMP-9 staining appeared weaker in E+/E+ ewes compared to E/E- ewes, but this data was not quantified. The present study suggests that
exposure to ergot alkaloids from d 35 – 133 of gestation alters remodeling and
vasculature of the ovine placenta which may limit the capacity for fetal growth
during late gestation.
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6.2 INTRODUCTION
Consumption of ergot alkaloids found in endophyte-infected (E+) tall
fescue induces widespread vasoconstriction in grazing livestock species
(Strickland et al., 2011). The resulting syndrome, known as fescue toxicosis,
results in placental insufficiency and intrauterine growth restriction (IUGR)
when ergot alkaloids are consumed during gestation (Duckett et al., 2014; Britt et
al., 2019; Greene et al., 2019). Ewes exhibited a 23% reduction in overall
placental mass for ewes consuming E+ tall fescue seed during gestation (Britt et
al., 2019). Additionally, the consumption of ergot alkaloids reduced fetal weight
by 10% and resulted in asymmetric growth, characteristic of IUGR (Greene et al.,
2019). Ergovaline, the most prominent ergot alkaloid found in E+ fescue, binds
to 5HT2α and α-2 adrenergic receptors located throughout the cardiovascular
system and constricts the umbilical and uterine arteries of pregnant cows and
sheep (Dyer, 1993; Klotz et al., 2012; Klotz et al., 2013; Klotz et al., 2019). It has
been suggested that the resulting vasoconstriction from ergot alkaloid exposure
during gestation reduces uteroplacental blood flow which leads to placental
insufficiency in sheep (Britt et al., 2019). A closely related ergot alkaloid,
ergotamine, is also known to cause early embryonic loss and IUGR in rodents
most likely due to reduced blood flow to the uterus and placenta (Grauwiler and
Schon, 1973). While research suggests that ergotamine and ergovaline have a
similar contractile response, ergovaline accounts for approximately 90% of the
ergopeptide content of fescue consumed by grazing livestock (Lyons et al., 1986).
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Reductions in utero-placental blood flow, which often result in placental
hypoxia and fetal stress, alter the macroscopic and microscopic morphology of
the placenta (Challis et al., 1989; Krebs et al., 1997; Penninga and Longo, 1998).
The placentomes of ewes subjected to chronic hypoxia due to high elevation
exhibit increased branching and coiling of fetal and maternal vessels (Krebs et al.,
1997). Similar findings were reported in cases of hyperthermia, the most severe
model of IUGR (Alexander and Williams, 1971; Thureen et al., 1992). When
compared to a thermoneutral treatment, ewes exposed to hyperthermic
conditions had placental vasculature that exhibited a coiled and disorganized
pattern (Regnault et al., 2002). In contrast to hypoxia, hyperthermia likely
results in reduced blood flow and oxygen delivery to the placenta due to the
redirection of blood flow away from the uterus and towards the skin’s surface for
heat dissipation (Alexander et al., 1987). It has been speculated that altered
vascular development, as seen in cases of hypoxia and hyperthermia, represents a
compensatory response to an adverse intrauterine environment and may work to
increase oxygen supply to the fetus (Krebs et al., 1997; Regnault et al., 2002).
Additionally, research in sheep has shown that removal of implantation sites,
adolescent over-nutrition, and heat stress reduce placental and fetal weights, but
often increase the fetal: placental weight ratio indicating an adaptive mechanism
to facilitate fetal growth even in adverse conditions (Wallace et al., 2002;
Regnault et al., 2003; Osgerby et al., 2004).
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Research demonstrates that the consumption of ergot alkaloids induces
IUGR and negatively impacts placental development, as indicated by a reduction
in placental mass, most likely through vasoconstriction (Britt et al., 2019; Greene
et al., 2019; Klotz et al., 2019). Ewes consuming E+ fescue from d 35 – 133 also
exhibited an increased placental efficiency as indicated by the fetal: placental
weight ratio (Britt et al., 2019). This reduction in mass, but increase in placental
efficiency may indicate that the microscopic morphology of the placenta is altered
due to ergot alkaloid exposure, though this hasn’t been previously investigated.
Therefore, the objective of this study was to assess how feeding tall fescue seed
containing ergot alkaloids from d 35 – 133 of gestation affects the structure and
vascular development of the ovine placenta.
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6.3 MATERIALS AND METHODS
All animal experimental procedures were reviewed and approved by the
Clemson University Institutional Animal Care and Use Committee (AUP 2014081).
Experimental Design and Sample Collection
Placental samples used in this study were obtained from a previously
reported study by Britt et al. (Britt et al., 2019). Suffolk ewes (n = 57; BW = 78.24
kg ± 9.5) naïve to endophyte-infected tall fescue were divided into 10 groups (n =
5-7/group) for estrus synchronization. Ewes were synchronized using
intravaginal controlled internal drug release (CIDR) inserts (Eazi-Breed CIDR,
Zoetis Animal Health) and prostaglandin F2α (12.5 mg i.m.; Lutalyse; Pfizer, New
York, NY). Ewes were mated to a purebred Suffolk ram fitted with a marking
harness and a crayon to estimate breeding date. Ewes (n =36; 4/group; 9 groups)
confirmed pregnant by transrectal ultrasound and estimated to be carrying twins
were randomly assigned to treatments. Ewes within group were randomly
assigned to E+ or E- tall fescue seed during MID (d 35 – 85) and/or LATE (d 86
– 133) gestation in a 2 x 2 factorial arrangement. Two types of turf type tall fescue
seed were purchased from Caudill Seed Warehouse (Louisville, KY) for this study.
Black Magic (E+) tall fescue seed contained 4.14 µg/g DM of ergovaline and
ergovalinine and seed was fed individually to supply 1.77 mg hd-1 d-1 of
ergovaline and ergovalinine for E+ treatment. The same weight of Bull (E-) tall
fescue seed with 0 mg hd-1 d-1 of ergovaline and ergovalinine was used as a
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control. Seed samples and a custom total mixed ration (TMR) were submitted for
nutrient analyses and rations were developed to meet NRC requirements for
pregnant ewes with twins during early and late gestation (NRC, 2007). Ewes were
individually stalled each morning in a custom-built stall system attached to
commercial feed bunks. Immediately prior to feeding, fescue seed (E+ or E-) was
added to individual TMR rations, mixed thoroughly, and fed according to
treatment assignment.
Sample Collection
On d 133 ± 1 of gestation, ewes were transported to Godley-Snell Research
Facility (14.3 km) for terminal surgery. Ewes were anesthetized and subjected to
a midventral laparotomy. Immediately following removal of the first fetus, two
placentomes of the type B morphology according to Vatnick et al. (Vatnick et al.,
1991) were selected adjacent to the initial incision. If true type B placentomes
were unavailable, two placentomes closest in morphology to type B were selected
instead. Any remaining endometrial and fetal membranes were removed and
placentomes were dissected with a medial incision. A sample was collected from
the center of the intact placentome adjacent to the medial incision and was
preserved in optimal cutting temperature (O.C.T) compound through flash
freezing for histology. Prior to sectioning, samples were stored at -80°C. A
subsample of ewes (n=3/trt; from E-/E- and E+/E+) were selected for
histological analysis.
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H&E Staining
Samples were cryosectioned at 8 µm thickness and stained immediately
following cryosectioning. The H&E staining procedure was utilized in this study
to evaluate placental histomorphology. The imaging of H&E stained cryosections
was conducted using a Leica LMD6500 equipped with a Leica DFC7000 color
camera and a 20x objective.
SMCA and Collagen IV
Samples utilized for immunofluorescence were acetone fixed in ice cold
acetone for 3 minutes post sectioning and then allowed to air dry for one hour.
Slides were stored at -20°C until staining. Smooth muscle cell actin (SMCA) was
used to stain smooth muscle cells in vessel walls in order to highlight vasculature
in the placenta and measure luminal area. Type IV collagen (Collagen IV), a
major structural component of basement membranes, is highly expressed in the
placenta. Cryosections utilized for SMCA and Collagen IV antibody staining were
rehydrated in PBS and incubated in a blocking solution (10% goat serum in 0.1%
Tween/PBS) for one hour at room temperature. Next, samples were incubated
overnight in primary antibodies (diluted in blocking buffer) to SMCA (Mouse
IgG2a α-SMCA, AbcamAb7817) and Collagen IV (rabbit α-collagen type IV,
AbcamAb6586). Samples were washed in blocking buffer, incubated with
secondary antibodies (Alexa Fluor 546 goat anti-mouse IgG2a and Alexa Fluor
488 goat anti-rabbit, Invitrogen) for one hour at room temperature, and then
washed in PBS. Samples were counterstained with DAPI (Invitrogen) to decorate
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nuclei, washed in PBS, and mounted in ProLongGold. Stained sections were
imaged using a GE InCellAnalyzer 2500 HS and a Nikon 20X objective (N.A.
0.75).
MMP9, CD45 & Rhodamine-lectin
The matrix metalloprotease (MMP) family works to breakdown the
extracellular matrix during instances of tissue remodeling. MMP9, active in the
bovine placenta, is known to target Collagen IV. Additionally, CD45 was utilized
as an immune marker and rhodamine-lectin stained the fetal trophoblast.
Cryosections utilized for matrix metalloprotease 9 (MMP9) and CD45 antibody
staining were processed according to the same protocol as outlined for SMCA and
Collagen staining with modifications. The blocking solution included bovine
serum albumin (10% goat serum/5% BSA in 0.1% Tween/PBS) for one hour at
room temperature. Primary antibodies to MMP9 (Rabbit α-MMP9, Aviva
Systems Biology ARP33090_T100), and CD45 (mouse IgG1 α-CD45
MCA2220GA) were used to decorate the respective proteins. The following
secondary antibodies were used: Alexa Fluor 635 goat anti-rabbit and Alexa Fluor
488 goat anti-mouse IgG1, Invitrogen. Finally, samples were counterstained with
DAPI to decorate the nuclei and rhodamine-labelled BSL1/GSL1 lectin (Vector
labs) to highlight fetal tissue. Samples were washed in PBS and mounted in
ProLongGold. Stained sections were imaged using a Leica SP8X confocal,
equipped with HyDetectors and time gating using a 63X objective (N.A. = 1.4)
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and 1.3X digital zoom. Five regions from each slide were selected for imaging and
each image represents a field of view of 180 μm by 180 μm.
Data Recording and Statistical Analysis
Ten images were randomly selected per ewe for H&E analysis with each
image representing a field of view of 620µm x 464µm. Data was collected using
the region of interest function in ImageJ and included size, perimeter, and
number of amorphous connective tissue (ACT) deposits in H&E stained samples.
Vascular data was collected using five images stained with SMCA and the region
of interest function in ImageJ. Data included luminal area, luminal perimeter,
and number of vessels. Additionally, roundness, maximum diameter, and
minimum diameter were used to measure irregularity of ACT and vessel shape.
The roundness measurement [roundness = (4*area/(π*major_axis2)] was
utilized to determine if there was a difference in ACT shape based on treatment
wherein a value of 1.0 indicates a perfect circle while 0.0 indicates an elongated
shape. Vessels were only counted if 75% of the vessel outline was highlighted by
SMCA. Data were analyzed using Mixed procedure of SAS (SAS Inst. Inc., Cary,
NC) using fescue seed treatment (E-/E- or E+/E+) during gestation in the model.
Significance was determined at P < 0.05 with trends at P ≤ 0.10.
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6.4 RESULTS
H&E Staining.
As seen in Figure 6.1, H&E staining revealed large deposits of amorphous
connective tissue (ACT), sometimes referred to as Wharton’s Jelly, which
comprises the core of the fetal villi. These regions were larger (P < 0.0001) and
more numerous (P = 0.025) by 172% and 111%, respectively, in the placentomes
of E+/E+ ewes compared to E-/E- treatment (Fig 6.2). The maximum diameter,
the longest distance between any two points along the perimeter, indicated that
ACT regions in E+/E+ samples showed a 54% increase (P = 0.0006) compared to
E-/E- placentomes. ACT regions from E+/E+ also had an increased (P < 0.0001)
minimum diameter. The distribution of ACT regions by size and treatment can be
seen in Figure 6.3. While all placentome samples contained small ACT regions,
75% of these regions were less than 5,000 µm2 in size for E-/E- samples.
Comparatively, only 39% of ACT regions were less than 5,000 µm2 for E+/E+
ewes. Placentomes from E+/E+ treated ewes contained regions as large as
43,000µm2 in size while ACT regions in E-/E- samples rarely exceeded
10,000µm2. Additionally, ACT regions from the placentomes of E+/E+ ewes
tended (P = 0.06) to be more circular then their E-/E- counterparts at 0.41 and
0.35, respectively, with a value of 1.0 indicating a perfect circle.
SMCA and Collagen IV.
Collagen and DAPI staining highlighted overall placental structure as well
as areas that were devoid of nuclei; whereas SMCA outlined placental vasculature
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as seen in Figure 6.4. Luminal area, luminal perimeter, and vessel circularity is
presented in Figure 6.5. Data analysis of vascular staining with SMCA showed no
difference (P = 0.83) in the number of vessels present, but did show a 117%
increase (P < 0.0001) in luminal area for E+/E+ ewes compared to E-/E- ewes.
Both the maximum and minimum luminal diameter of vessels was increased (P <
0.0001) for ewes on E+/E+ treatment. Ewes on E+/E+ treatment showed a
decrease (P = 0.003) in roundness of the vessels compared to E-/E- ewes which
can be clearly visualized in Figure 6.4. Collagen IV staining overlapped SMCA
and highlighted basement membranes and staining appeared to be more
prominent in E+/E+ treated sample, but was not quantified in the present study.
CD45, MMP9 & Rhodamine-Lectin.
As seen in Figure 6.6, staining for CD45 was variable, but minimal across
samples and appeared to be non-specific to treatment. Rhodamine-lectin/DAPI
staining highlighted the fetal trophoblast. Within the trophoblast layer are
regions mostly devoid of nuclei that are consistent with ACT seen in the H&E
images. These regions appear larger in placentomes of E+/E+ ewes which is
consistent with H&E findings. MMP9 staining was pronounced in the
placentomes of E-/E- treated ewes and appeared to overlap mostly with maternal
tissue as there was very little overlap with the fetal trophoblast as indicated by
rhodamine-lectin staining.
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6.5 DISCUSSION
The ovine placenta experiences a rapid increase in growth during the first
half of gestation (Alexander, 1964). During this period, the fetal villi invade the
maternal stroma and are filled with an amorphous connective tissue similar to
that of Wharton’s Jelly (Barcroft and Barron, 1946). Beginning around d 90 of
gestation, the placenta enters a period of remodeling in which the ACT of the fetal
villi appears to be replaced by capillaries of the maternal vascular bed (Barcroft
and Barron, 1946; Stegeman, 1976). As parturition approaches, the ACT filling
the fetal villi begins to disappear and the ACT is reduced to thin strands
(Stegeman, 1976). The reduction in weight of the placenta beginning around d 90
is likely due to the loss of the ACT within the villi which is hypothesized to
contain a large amount of water (Barcroft and Barron, 1946; Stegeman, 1976).
Although ACT deposits exist across all samples, deposits in the placentome of
E+/E+ ewes are larger and more numerous. They also appear to be more round
as opposed to the thin strands of ACT seen in E-/E- tissues. Stegeman reported
the complete loss of fetal ACT by approximately day 110 of gestation in
placentome cross sections but, our research suggests that small pockets of ACT
still remain within the fetal villi of all samples (Stegeman, 1976). The increased
size and number of ACT deposits in the placentomes of E+/E+ treated ewes may
indicate slowed remodeling of the placenta. Additionally, residual ACT may
indicate undeveloped maternal vascular beds which could limit nutrient
exchange to the fetus.
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The remodeling phase of ovine placental development focuses on
substantially increasing cotyledonary capillary area density, surface density, and
number density (Reynolds et al., 2010). A similar increase is also seen over time
in the caruncular vasculature though not to the same degree (Borowicz et al.,
2007). This cellular remodeling process allows for the functional capacity of the
placenta to continue developing throughout gestation as the fetal demand for
nutrients rapidly increases (Reynolds et al., 2010). Long-term hypoxia is known
to increase placental vessel growth, especially capillary development (Bacon et
al., 1984; Jackson et al., 1988; Reynolds et al., 1992). Penninga and Longo
reported a 31% increase in luminal size in sheep placenta exposed to high
elevation induced-hypoxia (Penninga and Longo, 1998). Our findings indicate a
much larger increase in luminal area of 117% for ewes exposed to fescue
treatment without a change in vessel number. Its speculated that this may be an
adaption to increase vascular surface area and slow the blood flow rate for a more
efficient exchange process (Krebs et al., 1997). In the current study, vessels
showed a decrease in roundness and vasculature was visibly irregular in shape. In
the case of environmental heat stress, uterine and umbilical blood flow are
reduced which leads to a reduction in placental weights and IUGR. This becomes
especially evident during late gestation and most likely occurs due to
thermoregulation in the dam (Regnault et al., 2002; Reynolds et al., 2010).
During heat stress, the body attempts to facilitate the loss of body heat by
directing blood flow to the skin’s surface. When this continues for extended
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periods of time, it redirects crucial blood flow away from the reproductive tract
and uterus thereby reducing the overall blood supply to the placenta and the fetus
(Dreiling et al., 1991). Both hyperthermia and hypoxia have also resulted in
increased irregularity and coiling of maternal and fetal vasculature (Krebs et al.,
1997; Penninga and Longo, 1998; Regnault et al., 2002). Similar to cases of ergot
alkaloid exposure, hyperthermia is known to depress the natural rise of prolactin
levels during gestation (Bell et al., 1987). Additionally, hyperthermia leads to
reduced umbilical oxygen uptake which leads to a state of hypoxia (Regnault et
al., 2007). Although the mechanism varies, resulting hypoxia causes altered
vasculature of the ovine placentome. Due to their vasoconstrictive nature, it’s
likely that ergovaline and other ergot alkaloids induce vasoconstriction during
the vascular development and remodeling of the placenta resulting in
uteroplacental hypoxia. This results in the altered vascular development as the
placenta tries to compensate for the insult.
Collagen IV accounts for approximately 50% of basement membrane
proteins and self-assembles into organized networks crucial for stability (Timpl et
al., 1981). One of two gelatinases, MMP-9, contains a collagen binding site and
works to cleave several macromolecules found in the extracellular matrix,
including collagen IV (Somerville et al., 2003). This process, which also activates
growth factors and chemokines, stimulates the release of VEGF and blood vessel
formation (Kalluri, 2003). In mice and humans, MMPs are mediators of tissue
remodeling and angiogenesis in the placentae and they function as angiogenic

175

switches (Alexander et al., 1996; Anacker et al., 2011). In humans, it has been
hypothesized that reductions in MMP9 may result in insufficient vascular
endothelial growth factor (VEGF) stimulation and reduced extracellular matrix
degradation and remodeling during the later stages of pregnancy (Plaks et al.,
2013). Though not quantified in the present study, placentomes from E+/E+
treated ewes appear to have more collagen IV and less MMP-9 staining. As
parturition approaches, the detachment of the placenta from the uterine wall
requires degradation of the extracellular matrix which is regulated by MMPs (Xu
et al., 2002). Exposure to ergot alkaloids during gestation has been shown to
reduce gestation length by approximately four days in ewes (Duckett et al., 2014).
While it was hypothesized that this might be due in part to premature
degradation of collagen IV by MMP-9, this does not appear to be the case.
However, the reduction in MMP-9 in the placentome of E+/E+ treated ewes may
indicate reduced remodeling.
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6.6 CONCLUSION
The present study suggests that exposure to ergot alkaloids from d 35 –
133 of gestation alters remodeling and vasculature of the ovine placenta similar to
that seen in cases of hyperthermia and hypoxia. This is most likely due to ergot
alkaloid-induced vasoconstriction and subsequent reductions in uteroplacental
blood flow. While collagen IV and MMP-9 are present in the ovine placenta, more
research is warranted to determine whether they are associated with reductions
in gestation length or the placental remodeling process. In contrast, SMCA and
H&E staining revealed altered development of the placenta. In normal
pregnancies, the ACT regions located within the fetal villi decrease overtime and
are replaced with capillary beds critical for supplying nutrients to the fetus,
especially during late gestation when the majority of fetal growth occurs (Barcroft
and Barron, 1946; Stegeman, 1976). This process appears to be slowed or limited
in cases of fescue exposure. Large remaining ACT regions represent undeveloped
capillary beds and a reduced capacity for nutrient exchange. The increase in
luminal area and irregular shape of blood vessels may represent an adaptive
mechanism to increase surface area and slow blood flow for more efficient
nutrient exchange in light of reduced capillary bed area. While this adaptive
mechanism may increase placental efficiency, as indicated by a higher fetal:
placental weight ratio, a total reduction in both placental and fetal weights were
associated with exposure to E+ fescue seed from d 35 – 133. Therefore, ergot
alkaloids alter both placental remodeling and vascular development of the ovine
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placenta which likely leads to a reduced capacity for fetal growth, especially
during late gestation.
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Figure 6.1. H&E staining of the placentome from ewes fed endophyte-free (E-) or endophyte-infected (E+) tall
fescue seed from d 35 – 133 of gestation. The placentome from ewes on E-/E- fescue treatment (A – C) and E+/E+
treatment (D – F) with asterisks denoting amorphous connective tissue (ACT) regions which were larger and more
frequent in E+/E+ samples.
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Figure 6.2. The average area of amorphous connect tissue (ACT) regions in the
placentomes of E-/E- and E+/E+ fescue treated ewes.
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Figure 6.3. The distribution of amorphous connect tissue (ACT) regions in the placentomes of E-/E- and E+/E+
fescue treated ewe by number and size.
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Figure 6.4. Immunofluorescent staining of the placentome from ewes fed endophyte-free (E-) or endophyte-infected
(E+) tall fescue seed from d 35 – 133 of gestation. Staining includes DAPI for nuclei (blue), Collagen IV for basement
membranes (green), and SMCA for smooth muscle cells of the vessels (orange). The placentome from ewes on E-/Efescue treatment (A – C) and E+/E+ treatment (D – F). The placentomes of E+/E+ treated ewes exhibit an increase in
luminal vessel area and more irregular vessel shape.
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Figure 6.5. (A) Luminal vessel area, (B) vessel perimeter, and (C) vessel circularity for SMCA immunofluorescent staining
of the placentomes from ewes fed endophyte-free (E-) or endophyte-infected (E+) tall fescue seed from d 35 – 133 of
gestation.
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Figure 6.6. Immunofluorescent staining of the placentome from ewes fed endophyte-free (E-) or endophyteinfected (E+) tall fescue seed from d 35 – 133 of gestation. Staining includes DAPI for nuclei (blue), MMP-9, a
gelatinase (purple), and rhodamine-lectin for fetal trophoblast (red). CD45 (green) was minimal across all samples.
The placentome from ewes on E-/E- fescue treatment (A – C) and E+/E+ treatment (D – F). The placentomes of
E+/E+ treated ewes exhibit large, empty regions with few nuclei and lower levels of MMP-9 staining overall.
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7.1 ABSTRACT
Ergot alkaloids found in endophyte-infected tall fescue [Lolium
arundinaceum (Scheyreb.) Darbysh], the primary cool season forage grass in the
Southeastern US, suppress prolactin concentrations and may negatively impact
milk production and pre-weaning lamb growth. The objective of this study was to
assess how exposure to endophyte-infected (E+; 1.77 mg hd-1 d -1 ergovaline and
ergovalinine) or endophyte-free (E-; 0 mg hd-1 d -1 ergovaline and ergovalinine)
tall fescue seed fed during two stages of gestation (MID, d 35 - 85 / LATE, d 86 –
133) impacts parturition, mammary development and lactation, and lamb growth
pre and post weaning. Additionally, ewes were genotyped for a DRD2 SNP to
examine genetic relationship to fescue toxicosis. Pregnant ewes (n = 61) were
stratified by genotype (AA, AG, GG) to one of four fescue seed treatments (E-/E-,
E-/E+, E+/E-, E+/E+) fed during MID (d 35 – 85) / LATE (d 86 – parturition)
gestation. After lambing, all ewes were removed from fescue seed treatment and
maintained on TMR or non-fescue pasture with supplementation until weaning.
Milk production testing occurred at d 1, 2, and 21 post-parturition and lamb
growth was monitored until weaning at d 75 of age. The GG maternal DRD2
genotype tended (P = 0.09) to produce heavier lambs at birth, but this was
independent of fescue seed treatment. Doppler ultrasound during LATE gestation
confirmed that ewes on E-/E+ and E+/E+ fescue seed treatment had a reduced
(P < 0.001) luminal area of the carotid artery compared to ewes on E-/Etreatment. Overall BW change was decreased (P = 0.03) for ewes on E+/E+
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compared to E-/E- fescue seed treatment. Ewes exposed to E+ fescue seed during
LATE gestation (E-/E+ and E+/E+) had reduced (P ≤ 0.03) prolactin
concentrations at d 105, 133, and at parturition compared to ewes on E-/Etreatment. Total birth weight per ewe was decreased (P = 0.04) for E-/E+
treatment and tended (P = 0.06) to be decreased for E+/E+ by 12% and 11%
respectively compared to E-/E- treatment. Ewes exposed to E+/E+ fescue seed
treatment exhibited a reduction (P = 0.02) in milk production on d 1 post
parturition compared to E-/E- treatment and day 2 milk production was reduced
(P < 0.01) by at least 65% for all fescue seed treatments (E-/E+, E+/E-, and
E+/E+) compared to the E-/E- control. By d 21 post parturition, milk production
for ewes previously exposed to E+/E+ fescue seed treatment remained
suppressed by 78% compared to ewes on E-/E- treatment. Additionally, milk
production of ewes previously exposed to E+/E- treatment tended (P = 0.06) to
be reduced by approximately 55%. Lambs born to E+/E+ dams tended (P = 0.09)
to have reduced overall ADG and lighter BW at weaning. The percentage of ewe
lambs that attained both an appropriate weight and reached puberty by six
months of age, and would therefore have a high breeding potential, tended to be
influenced (P = 0.06) by maternal fescue seed treatment with twenty percent and
forty percent of ewe lambs born to dams on E-/E- and E+/E-, respectively,
reaching pre-breeding targets. No lambs born to dams on E-/E+ or E+/E+
reached both these targets for breeding their first year. Exposure to E+ fescue
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seed treatment reduces birth weight, pre-weaning growth of lambs, and milk
production of dams.
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7.2 INTRODUCTION
Tall fescue [Lolium arundinaceum (Schreb.) Darbysh] is the primary cool
season perennial forage in the Southeastern U.S. due to its drought tolerance,
disease resistance, superior growth, and overall hardiness (Stuedemann and
Hoveland, 1988). Such characteristics are attributed to an endophyte (Epichloë
coenophiala; previously Neotyphodium coenophialum) found within the plant
that produces ergot alkaloids (Young et al., 2014). Consumption of ergot alkaloids
induces fescue toxicosis, a syndrome commonly associated with reduced
bodyweight gains (Schmidt et al., 1982; Hoveland et al., 1984) and reproductive
problems (Peters et al., 1992; Porter and Thompson, 1992). Ergot alkaloids are
structurally similar to several biogenic amines, such as serotonin and dopamine
(Berde, 1980; Weber, 1980; Strickland et al., 2011), and bind to their receptors
resulting in prolactin suppression and vasoconstriction (Aiken et al., 2007; Klotz
et al., 2009).
Reductions in serum prolactin concentrations are a classic response to
ergot alkaloid exposure and have been reported in several species (McCann et al.,
1992; Emile et al., 2000; Stowe et al., 2013). Prolactin is crucial in mammary
development, milk production, and milk letdown during late gestation and after
parturition (Hooley et al., 1978). Disruptions in prolactin concentrations, such as
those associated with ergot alkaloids, may interfere with mammary development
and milk production if levels do not recover prior to parturition (Akers et al.,
1981). The vasoconstrictive effects of ergot alkaloids limit blood flow to the
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extremities, such as tails, hooves, and teats in livestock (Strickland et al., 2011),
and may also interfere with lactation if mammary blood flow is impaired.
Additionally, reductions in mammary blood flow have been associated with
reduced milk yield in ruminants (Davis and Collier, 1985; Prosser et al., 1996).
Because milk production is an important factor in the growth and development of
calves (Clutter and Nielsen, 1987) and lambs (Morgan et al., 2007) during the
preweaning period, further research was necessary to determine the impact that
ergot alkaloids have on lactation and preweaning lamb growth. Therefore, the
objective of this study was to assess how feeding tall fescue seed containing ergot
alkaloids during mid and/or late gestation alters parturition, mammary
development and lactation, and lamb growth prior to weaning.
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7.3 MATERIALS AND METHODS
All animal experimental procedures were reviewed and approved by the
Clemson University Institutional Animal Care and Use Committee (AUP 2014081). All animals were housed at the Clemson University Small Ruminant
Facility.
Experimental Design
Suffolk ewes (n = 83), naive to tall fescue, were purchased from four
farms in Northeast Iowa and transported to Clemson University 90 d prior to the
start of the experiment. Prior to breeding, ewes (BW = 83.1 kg ± 10.3) were
weighed and evaluated for BCS (1-5; 1 = thin; 5 = fat; Sheep Prod. Industry Dev.
Program, 2016). Ewes were blocked by BCS and separated into 5 groups for
estrous synchronization to facilitate a staggered lambing schedule. Blood samples
were obtained from each ewe for DRD2 genotyping. Estrous synchronization for
each group was achieved using intravaginal controlled internal drug release
(CIDR) inserts (Eazi-Breed CIDR, Zoetis Animal Health) for 7 days.
Prostaglandin F2α (12.5 mg i.m.; Lutalyse; Pfizer, New York, NY) was
administered at the time of CIDR removal and ewes were turned in with a
purebred Suffolk ram (AG, DRD2 SNP). To estimate breeding dates, the ram was
fitted with a marking harness and crayon was changed weekly. Ewes were
ultrasounded tranrectally at d 30 of gestation to confirm pregnancy (Aloka 500V)
and transabdominally at about d 45 to 60 of gestation (BCF Easi-Scan Portable
Ultrasound Machine, BCF Technology Ltd, Rochester, MN) to confirm pregnancy

199

and estimate lamb number. Blood samples were collected from each ewe and
used to genotype ewes for the dopamine receptor D2 (DRD2) single nucleotide
polymorphism (SNP). Maternal genotypes at the DRD2 SNP were AA, AG, or GG
with a genotype frequency of 21.4% AA, 50% AG, and 28.6% GG. Pregnant ewes
(n = 61) were stratified by genotype (AA, AG, GG) and farm to one of four fescue
seed treatments (E-/E-, E-/E+, E+/E-, E+/E+) fed during MID (d 35 – 85) /
LATE (d 86 – parturition) gestation (Table 7.1).
Endophyte-infected (E+; Black Magic and Defender turf-type tall fescue
seed) and endophyte-free (E-; Bull turf-type tall fescue seed) seed were utilized
for the duration of the study. All fescue seed was grown in Oregon and obtained
from seed warehouses (Caudill Seed Warehouse, Louisville, KY; Lewis Seed
Warehouse, Louisville, KY). Seed lots were sampled and analyzed for Ergovaline
and ergovalinine content according to Aiken et al. (2009). All seed cultivars
tested negative for ergotamine. Seed was fed to ewes on E+ treatments at a total
dose level of ergovaline/ergovalinine (E+ = 1.77 mg hd-1 d-1) per day at assigned
times according to Britt et al. (2019). The same amount of E- tall fescue seed (0
mg hd-1 d-1 of ergovaline and ergovalinine) was fed for E- treatment. The dose
level of ergovaline/ergovalinine utilized was based on previous experiments
(Aiken et al., 2009; Duckett et al., 2014; Britt et al., 2019). Nutrient analyses were
performed on seed and TMR samples, and rations were formulated to meet NRC
requirements (NRC, 2007) for gestating ewes from early (d 35 – 85) and late (d
86 – parturition) gestation (Table 7.2).
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Ewes were housed in pens (approximately 10 per pen) inside the small
ruminant barn that allowed access to outdoor paddocks and fresh drinking water
ad libitum. Ewes were individually separated each morning in a custom built stall
system attached to commercial feed bunks with stalls measuring 2.95m2.
Immediately prior to feeding, fescue seed (E+ or E-) was added to individual
TMR rations, mixed thoroughly, and fed according to treatment assignment.
Ewes were fed at 0600 and given 90 minutes to consume seed and TMR. Orts
were recorded daily to determine actual dry matter intake (DMI) for each
individual ewe.
Ewe sample collection
Whole blood and urine samples were collected from ewes at d 0, 35, 55,
85, 105, 133 of gestation and at parturition. All blood samples were collected by
jugular venipuncture into serum or EDTA collection tubes with the use of a
vacutainer. Plasma was collected after centrifugation at 537 x g for 20 min at 4°C
and stored at -20°C for later analysis. Serum was obtained by allowing whole
blood samples to clot overnight at 4°C and then centrifuging at 537 x g for 20 min
at 4°C. Serum samples were stored at -20°C for later analysis. Urine samples
were collected via transient aponea (Benech et al., 2015) and stored at -20°C for
alkaloid analysis. Ewe weights were collected every 14 days from the start of the
experiment until d 136 of gestation.
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Prolactin and Blood Hormone Analysis
Serum prolactin concentrations were analyzed on all ewes over time using
the RIA procedures of (Bernard et al., 1993). The intra-assay variance for
prolactin was 6.53% and the inter-assay variance was 6.19%. Glucose
measurements were also taken using a AlphaTrak glucose meter (Zoetis,
Parsippany, NJ) from whole blood immediately following all blood draws.
Additionally, a subset of ewes (n = 26) representative of all four fescue seed
treatments that had male lambs was selected for blood hormone metabolite
analyses. Plasma glucose concentrations were analyzed using a colorimetric assay
with Glucose Hexokinase Reagent (Pointe Scientific, Canton MI) with an
interassay and intraassay variance of 3.2% and 9.9%, respectively. Plasma insulin
concentrations were measured using an ovine insulin ELISA kit (Mercodia, US,
NC) with an interassay and intraassay variance of 6.8% and 8.5%, respectively.
Serum NEFA levels were assessed using the Maxdiscovery spectrophotometric
assay (BioScientific) with an interassay and intraassay variance of 9.9% and 9.7%.
Glucose and insulin assays were previously validated for use in sheep (VolpiLagreca and Duckett, 2016).
Doppler ultrasound
Ewes were accustomed to routine handling, acclimated to individual stalls,
and shaved at the ultrasound site at least one day prior to ultrasound in order to
reduce excitability during imaging. Ewes were placed in individual feeding pens
for imaging with each individual imagining session taking no more than 5 min.
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Doppler ultrasound was used to examine blood flow in the carotid artery of all
ewes on d 123 ± 13.8 of gestation, 38 days after the start of LATE gestation
treatment. Color Doppler ultrasound images of left carotid artery cross-sections
were collected using a Classic Medical TeraVet 3,000 Ultrasound Unit (Classic
Universal Ultrasound, Tequesta, FL) with a 12L5-VET (12 MHz) linear array
transducer. Scan depth was set at 4 cm. Cross-sectional images were collected for
each artery using a frequency of 5.0 MHz and a pulse repetitive frequency that
ranged between 2.5 and 3.0 kHz. Following freezing of an individual scan, frames
stored in the cine memory of the unit were searched to store the image exhibiting
the maximum flow signal, assumed to be at peak systolic phase. The flow signal
was traced to estimate lumen area (Aiken et al., 2009).
Lambing and milk production
Beginning at approximately d 135 of gestation ewes were monitored every
half hour for signs of lambing. Symptoms and time were recorded at the start of
labor. Assistance was given if ewes had not progressed sufficiently within 45
minutes of the amniotic sac rupturing. Lambing difficulty and lamb vigor scores
were recorded according to the procedures of Matheson et al. (2011). Lambs were
tagged and sex, birth weight, and crown-rump length (CRL) were recorded.
Jugular blood samples were collected from all lambs and the dam within 30
minutes of lambing and processed as previously described. Only plasma samples
were collected from lambs due to sampling volume limitations. Five ewes had
major complications during gestation and were removed from the study. Two
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ewes had pregnancy toxemia (both E-/E-), one ewe had respiratory disease
(E+/E-), and two ewes had uterine prolapses (E+/E- and E+/E+) that all
required veterinary treatment. Two ewes did not lamb according to the estimated
breeding dates and therefore were removed from the study due to incorrect
assignment of treatment according to actual gestation times (E-/E- and E-/E+).
Two ewes were confirmed pregnant by ultrasound but never lambed (E-/E+ and
E+/E+).
At parturition, all ewes were removed from fescue seed treatment and
maintained as a group on TMR for 21 d during the duration of the milk
production test. Udder measurements and colostrum samples were obtained
before lambs were allowed to nurse. Udder measurements included width and
circumference at the widest part of the udder and the length of each teat
(Papachristoforu and Mavrogenis, 1981). Ewes and their lambs were individually
stalled in lambing jugs (8.85m2) for 48 hours following parturition to facilitate
bonding and for completion of a milk production test. Ewes were placed on a
two-day milk production test following parturition. At 0800, ewes were milked
out by hand and a dividing panel was positioned within the lambing jug to allow
nose-to-nose contact, but prevent nursing. After three hours, dams were milked
out by hand and weight of the milk was recorded. Lambs were bottle fed the
collected milk and the dividing panel was removed. After the two-day milk
production test, dams and their lambs were removed from the jug and managed
collectively. To estimate peak milk production, this procedure was also repeated
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at d 21 with dams and lambs separated in different pens for the three-hour
duration (Cardellino and Benson, 2002). Milk production test results are
presented as production capacity obtained during the 3-hour test period
multiplied by 8 to represent production capacity within a 24 h period. At the
conclusion of the d 2 milk test, ewes were moved to non-fescue pasture and
supplemented during the remaining lactation period prior to weaning. All lambs
were weaned at 75 d of age, at which time wether and ewe lambs were separated
and managed independently.
Lamb management
At parturition and during the two-day milk production test, colostrum and
milk volume was monitored as determined above. Agalactia is a known side effect
of ergot alkaloid exposure in horses (Monroe et al., 1988), dairy cattle (Strahan et
al., 1987), and beef cattle (Essig et al., 1993). Therefore, a protocol was in place
for the management and supplementation of these lambs. During the initial 24
hours after birth, lambs born to dams that failed to produce sufficient colostrum
(3 E+/E+ ewes; 2 E-/E+ ewes) were supplemented with Bovine IgG Colostrum
Replacement for lambs (Land O Lakes®) according to the manufacturer’s
instructions. After the first 24 hours, lambs from dams with low milk production
(3 E+/E+ ewes; 2 E-/E+ ewes) were supplemented with milk replacer according
to the manufacturer’s instructions. Lambs remained on supplement until d 75 at
which time all lambs were weaned or until lambs began refusing supplement.
Lambs that were supplemented with artificial colostrum and milk replacer for
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more than 30 d were removed from weaning bodyweight and average daily gain
(ADG) dataset before statistical analyses. In accordance with standard
procedures at Clemson University, lambs were castrated and tails were docked
within 7 days of birth (Thomas et al., 2003).
Ewe lamb Management and Puberty Attainment
At weaning, ewe lambs were maintained on non-fescue pasture and
supplemented with High Energy Lamb Grower feed (Southern States, Richmond,
VA) with a targeted gain of 200 g/d. Ewe lambs were FAMACHA scored and
weighed weekly. Beginning at 40 kg BW or 20 weeks of age, plasma and serum
samples were collected weekly through the breeding season to evaluate
progesterone levels and estimate puberty attainment. Yearling weights were also
collected at approximately 365 days of age. Progesterone levels were assessed
using a progesterone ELISA kit according to manufacturer’s instructions
(Cayman Chemical, Ann Arbor, Michigan). Plasma samples were purified using
methylene chloride to minimize cross reactivity during progesterone analysis. A
threshold of 1.0ng/ml has previously been reported as indicative of puberty
attainment in ewe lambs (Khalifa et al., 2013; Mattos et al., 2017). Lambs were
considered suitable for breeding at six months of age if they had attained puberty
as indicated by progesterone levels and reached 60% of their adult weight.
Statistical Analysis
Data were analyzed in a completely randomized design using Mixed
procedure of SAS (SAS 9.3, SAS Inst. Inc., Cary, NC) with farm, maternal DRD2
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SNP genotype (AA, AG, GG), fescue seed treatment (E-/E-, E-/E+, E+/E-,
E+/E+) and two-way interaction between fescue seed treatment and genotype as
fixed effects in the model. The farm of origin for each ewe, nested within fescue
seed treatment by genotype subclass, was included as a random effect to test
fescue seed treatment, genotype, and fescue seed treatment by genotype
interactions. Farm and maternal genotype was excluded from the model for all
lamb data postweaning. Group (block) was included as a random variable in the
model for bodyweight measurements. Ewe was the experimental unit for all
analyses. Prolactin data was log transformed for normality in the statistical
analyses, but is presented as nontranformed concentrations. Breeding potential
of ewe lambs was analyzed as a Chi Squared analysis. Lamb number (single, twin,
triplet) and lamb sex was included as a covariate when significant (P < 0.05).
Least square means were generated using preplanned, a priori contrasts to test
the effect of fescue seed treatment during MID gestation (E-/E- vs E+/E-), LATE
gestation (E-/E- vs E-/E+), and MID/LATE gestation (E-/E- vs E+/E+) as well as
the effect of genotype (AA vs GG; AG vs GG). Significance was determined at P <
0.05 with trends at P < 0.10.
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7.4 RESULTS AND DISCUSSION
Genotype
Due to its role in the regulation of prolactin, the DRD2 gene was selected
as a candidate to investigate a possible genetic tolerance to fescue toxicity. In
cattle, an intronic SNP was discovered in the DRD2 gene which was associated
with increased serum prolactin concentrations for cows grazing E+ fescue
(Campbell et al., 2014). Therefore, we examined whether the DRD2 genotype in
sheep may be related to E+ fescue treatment response. All interactions between
maternal DRD2 genotype and fescue seed treatment were non-significant (P >
0.12) and the results will be presented as main effects.
Maternal genotype did not alter (P > 0.05) maternal characteristics, BW,
serum insulin or NEFA, milk production, or postnatal lamb growth (Table 7.3 –
7.4). Ewes with an AA genotype had a reduced (P ≤ 0.03) glucose concentration
and glucose: insulin ratio compared to ewes with the GG genotype. There was no
difference (P > 0.33) in prolactin concentrations at d 55 or 105 based on maternal
genotype, but at d 133, ewes with the maternal AG genotype exhibited increased
(P = 0.04) prolactin concentrations compared to ewes with the GG genotype
(Table 7.4). At parturition, AG ewes tended (P = 0.08) to have increased prolactin
concentrations compared to ewes with the GG genotype. Ewes with the GG
genotype exhibited an increased (P ≤ 0.04) udder width compared to both AA
and AG genotype ewes, but this did not translate to any differences (P > 0.11) in
other udder measurements or milk production. There was no difference (P ≥
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0.12) in lamb sex, crown rump length, vigor, or glucose at birth based on
maternal genotype. Total birth weight per ewe tended (P < 0.09) to be reduced by
9.4% and 9.1% for AG and AA ewes, respectively, compared to their GG
counterparts. Total weaning weight, change in lamb weight per ewe, and lamb
ADG per ewe did not differ (P > 0.23) based on maternal genotype.
Ergovaline Intake
Tall fescue seed was individually fed to ewes to provide a daily dose of 1.77
mg hd-1 d-1 of ergovaline and ergovalinine for E+ treatments at specific stages of
gestation.
Doppler Ultrasound
Luminal area of the carotid artery was measured using Doppler ultrasound
on d 123 of gestation based on fescue seed treatment (Figure 7.1). Ewes on E-/E+
and E+/E+ fescue seed treatment had a reduced (P < 0.001) luminal area of the
carotid artery compared to ewes on E-/E- treatment. Ewes on E-/E+ and E+/E+
treatment experienced a 39% and 41% reduction, respectively, in luminal area
compared to E-/E- treatment. Ewes on E+/E- fescue seed treatment did not
differ (P = 0.50) from E-/E- controls, indicating that vasoconstrictive effects from
MID E+ fescue treatment fed until d 85 appears to be alleviated by 37 days after
removal of E+ treatment. Vessel luminal area provides a direct measure of
vasoconstriction and has been used to measure the effects of ergot alkaloids in
goats (Aiken and Flythe, 2014), cattle (Aiken et al., 2009), sheep (Aiken et al.,
2011), and horses (McDowell et al., 2013). The results presented here confirms
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the efficacy of E+ fescue treatment in inducing vasoconstriction in the carotid
artery.
Maternal Body Weight
Maternal BCS, BW change, DMI, and ADG by fescue seed treatment are
presented in Table 7.5. There were no differences in ewe BCS or BW based on
fescue treatment at the start of the experiment. Ewe BW change was not different
(P > 0.25) based on treatment for d 35 – 85 or d 86 – parturition. Overall BW
change was decreased (P = 0.03) for E+/E+ compared to E-/E- fescue seed
treatment with E+/E+ ewes gaining 5.6 kg less over the course of the experiment.
Maternal DMI and ADG were not affected (P > 0.19) by fescue seed treatment
during gestation in the present study. Previous research suggests that
consumption of E+ tall fescue reduces DMI (Holloway and Butts, 1983), ADG
(Peters et al., 1992), and bodyweight (Paterson et al., 1995) in gestating cows.
Britt et al. (2019) reported that the introduction of E+ fescue seed treatment at d
86 resulted in reductions in DMI and ADG for pregnant ewes. In contrast, Bond
et al. (1988) reported no differences in bodyweight or ADG of gestating ewes in
three studies comparing endophyte-infected and endophyte-free pastures. Porter
and Thompson (1992) concluded that intake and growth appear to be less
affected in sheep compared to cattle and horses and may represent species
differences in tolerance to alkaloid load. Differences in BW based on E+ fescue
treatment are often attributed to reduced DMI intake (Aldrich et al., 1993;
Matthews et al., 2005). However, in the present study, neither DMI nor ADG
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differed based on E+ fescue treatment suggesting an alternative reason for
reduced BW gain. It has been suggested that ergot alkaloid presence in E+ diets
may alter digestibility, but research has generated mixed results (Klotz, 2015).
Maternal Metabolites
Maternal metabolite concentrations during gestation based on fescue seed
treatment are presented in Table 7.6. Maternal insulin and NEFA did not differ
(P ≥ 0.20) based on fescue seed treatment at d 85, 105, and 133 of gestation. Ewe
glucose was elevated (P ≤ 0.04) for E+/E- treatment at d 85 and 133 of gestation
compared to ewes on E-/E- treatment. Ewes on E-/E+ also had elevated (P =
0.002) glucose concentrations at d 133. Glucose and insulin concentrations have
been reported to decrease as late gestation progresses (Regnault et al., 2004).
Increases in glucose concentrations seen in E+/E- and E-/E+ ewes could be a
result of fescue inclusion in the diet, however in the current study E+/E+ ewes
did not differ from control ewes. These results suggest that changing the diet,
from E- to E+ or E+ to E-, may have altered glucose concentrations in late
gestation.
Insulin sensitivity was assessed by calculating both a glucose: insulin ratio
and RQUICKI value. The glucose: insulin ratio was increased (P ≤ 0.02) for
E+/E- ewes at d 105 and 133 of gestation compared to E-/E- controls. E-/E+
ewes also had an elevated glucose: insulin ratio at d 133 compared to ewes on E/E- treatment. RQUICKI was reduced (P = 0.02) at d 85 and tended (P = 0.09) to
be reduced at 133 for E+/E- ewes compared to E-/E- controls, but was not
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different (P ≥ 0.13) by any other treatment or day. Lower RQUICKI values
indicate that E+/E- ewes were less responsive to insulin secretion when
compared to E-/E- ewes. Glucose is the preferred energy source for both the
placenta and the developing fetus (Hay, 2006). The gravid uterus has been shown
to be insensitive to fluctuations in maternal insulin concentrations and will
uptake glucose in an insulin independent manner (Hay et al., 1984). Changing
the maternal diet at the start of late gestation appears to have altered E+/E- and
E-/E+ ewes’ sensitivity to insulin, while maintaining the circulating
concentration of insulin when compared to E-/E- ewes.
Maternal Performance
There was no difference (P > 0.12) in parturition characteristics including
gestation length, lambing difficulty, predicted lamb number, or lamb number per
ewe based on fescue seed treatment as seen in Table 7.7. Monogastric species
appear more susceptible than ruminants to serious reproductive complications
such as late term abortion and dystocia in response to E+ fescue (Strickland et
al., 1993). In addition to abortion and dystocia, horses exposed to E+ fescue
experience prolonged gestation, retained and thickened placentas, and agalactia
(Monroe et al., 1988). Complications associated with dystocia and a thickened
placenta commonly result in the loss of the mare and foal (Klotz, 2015). In
contrast to horses, Bond et al. (1988) reported no differences in gestation length,
number of lambs born, or lamb survival for ewes exposed to E+ fescue. Duckett et
al. (2014) previously reported a four-day decrease in gestation length for ewes
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exposed to E+ fescue though that difference was not noted in the present study.
The data presented here suggests that sheep are less susceptible to late-term
complications, such as dystocia, seen in horses. This may be due in part to the
commonly reported reductions in fetal and birth weights as well as the rate of
twinning in sheep (Duckett et al., 2014; Britt et al., 2019; Greene et al., 2019).
Ewe prolactin concentrations based on fescue seed treatment are
presented in Table 7.7. Ewes exposed to E+ fescue at d 55 (E+/E- and E+/E+)
had reduced (P < 0.001) prolactin concentrations compared to ewes on E-/Etreatment. Similarly, ewes exposed to E+ fescue seed during LATE gestation (E/E+ and E+/E+) had reduced (P ≤ 0.03) prolactin concentrations at d 105, 133,
and at parturition compared to ewes on E-/E- treatment. Exposure to ergot
alkaloids is known to induce prolactin suppression in sheep (Emile et al., 2000;
Britt et al., 2019), cattle (Emile et al., 2000; Koontz et al., 2012), and horses
(McCann et al., 1992) and the data presented here affirms the presence of fescue
toxicosis. Prolactin is crucial in mammary development and milk production.
Additionally, prolactin increases throughout gestation and initiates milk let down
prior to parturition (Chamley et al., 1973; Hooley et al., 1978). Therefore, a
primary concern is the inability for prolactin levels to recover prior to parturition
and the influence that insufficient prolactin levels may have on mammary
development and lactation (Akers et al., 1981).
Lactation characteristics are presented in Figure 7.2. Udder width and
average teat length did not differ (P ≥ 0.10) based on fescue seed treatment.
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However, udder circumference was reduced (P = 0.03) for E-/E+ compared to E/E- treatment. Ewes exposed to E+/E+ fescue seed treatment exhibited a 61%
reduction (P = 0.02) in milk production on d 1 post parturition compared to E/E- treatment. Day 2 milk production was reduced (P < 0.01) for all treatments
(E-/E+, E+/E-, and E+/E+) compared to the E-/E- control. The most extreme
reduction was in E+/E+ which exhibited an 84% reduction in milk production on
d 2 post parturition. By d 21 post parturition, milk production for ewes previously
exposed to E+/E+ fescue seed treatment remained suppressed by 78% compared
to ewes on E-/E- treatment. Additionally, ewes previously exposed to E+/Etreatment tended (P = 0.06) to be reduced by approximately 55%.
The majority of mammary development responsible for milk production
and let down occurs during pregnancy (McManaman and Neville, 2003). In adult
sheep, mammary development is complete by parturition with very little
mammary growth occurring after the initiation of lactation (Anderson, 1975).
This is in contrast to what is seen in dairy cows wherein changes in cell number
occur during lactation. Prolactin works to stimulate mammary epithelial cell
proliferation which determines milk production (Boutinaud et al., 2012). While
prolactin may not directly influence lactation, reduced mammary development
during gestation could limit the capacity for milk production (Plaut et al., 1987).
This may be especially true in sheep where mammary growth is complete at
parturition. Reductions in milk yield due to E+ fescue and/or ergovaline
exposure are commonly reported in cows (Strahan et al., 1987; Lean, 2001).
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Strahan et al. (1987) also reported a more rapid decline in milk production for
cows on E+ fescue and determined it to be an unsuitable forage for sustaining
milk yields. In contrast, Zbib et al. (2014) found no differences in milk
production or quality, but ewes were not started on fescue treatment until well
after parturition. In addition to the influence of prolactin concentrations, it has
been speculated that vasoconstriction may also play a role in reduced milk
production associated with E+ fescue since milk production is strongly influenced
by blood flow to the udder (Bequette et al., 1998; Lean, 2001). Based on the data
presented here, it is hypothesized that milk production immediately following
parturition is most likely influenced by exposure to E+ treatment during LATE
gestation. In contrast, long term milk production, such as that seen at d 21, is
more influenced by exposure to E+ fescue during MID gestation. This may be due
to the impact that reduced prolactin and/or blood flow has on the developing
mammary tissue. It’s important to note that ewes were removed from fescue
treatment at parturition so impacts on milk production, especially at d 21 post
parturition, are lasting E+ treatment effects.
Lamb characteristics
Lamb birth measurements by fescue seed treatment are reported in Table
7.8. There was no difference (P ≥ 0.11) in lamb sex, crown rump length, vigor, or
glucose at birth based on fescue seed treatment. Total birth weight per ewe was
decreased (P = 0.04) on E-/E+ treatment and tended (P = 0.06) to be decreased
for E+/E+ by 12% and 11% respectively compared to E-/E- treatment. Total
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weaning weight per ewe tended (P = 0.09) to be reduced for E+/E+ treatment
compared to E-/E- treatment. Change in lamb weight per ewe from d 57 to
weaning tended (P = 0.09) to be reduced for E+/E+ fescue seed treatment
compared to E-/E- treatment, but did not differ for any other time period prior to
weaning. Overall ADG from birth to weaning tended (P = 0.09) to be reduced for
lambs born to E+/E+ treated dams.
Exposure to ergot alkaloids appear to be most detrimental during the late
gestation (Britt et al., 2019; Greene et al., 2019). In twin-bearing ewes,
approximately 80% of fetal growth occurs during the last third of gestation
(Rattray et al., 1974). It’s hypothesized that ergot alkaloid induced
vasoconstriction results in placental insufficiency which may limit the capacity
for fetal growth, especially during late gestation. The data presented here
confirms that exposure during the LATE gestation (d 86 – parturition) period
reduces total lamb weights at birth for ewes on E-/E+ and E+/E+ treatment. The
impact on lamb birth weight appears to linger through the pre-weaning period as
lambs born to E+/E+ dams have decreased overall ADG and are lighter at
weaning.
Milk production was not correlated (P ≥ 0.19) to weaning weight, ADG, or
total gain of lambs at any time. In beef calves, higher milk intake resulted in
higher weaning weights which were maintained through the postweaning feedlot
period (Clutter and Nielsen, 1987). In lambs born on range pasture, milk
production was also correlated to lamb weights until d 56 postweaning, but were

216

less significant for twins compared to singleton lambs (Snowder and Glimp,
1991). Difference in lamb number is attributed to differences between ad libitum
consumption more commonly seen in singleton lambs compared to twin lambs in
which milk production may be a limiting factor for lamb growth (Slen et al.,
1963). It was also noted that lambs born on range pasture had little available
forage and depended heavily on milk intake for growth during the preweaning
period. In the present study, ewes most commonly produced twin lambs
indicating that milk production may be limiting. In addition, ewes and their
lambs were maintained on non-fescue pasture with TMR supplementation during
the first 21 days after parturition. In calves, a decrease in milk intake results in
increased grazing and higher forage intake and the dependence on forage was
determined by milk availability (Fox et al., 1988; Tedeschi and Fox, 2009).
However, when milk production is correlated to lamb growth, lamb birth weight
is also significant (Morgan et al., 2007). In the current study, the strongest
predictor for lamb weight at weaning was lamb birth weight (r = 0.81; P <
0.0001).
Ewe lamb growth post-weaning
Ewe lamb BW, ADG, and breeding potential based on maternal fescue
seed treatment during gestation can be seen in Table 7.9. There was no difference
(P ≥ 0.21) in post-weaning BW change or ADG at any time period up to a year of
age based on maternal fescue seed treatment. There was no difference (P ≥ 0.18)
based on fescue seed treatment for the days of age or weight at puberty. There

217

was no difference (P ≥ 0.14) percentage of ewe lambs reaching 60% of adult BW
or the percentage of ewe lambs that attained puberty as indicated by
progesterone analysis at six months of age. The percentage of ewe lambs that
attained both an appropriate weight and reached puberty by six months of age,
and would therefore have a high breeding potential, tended to be influenced (P =
0.06) by maternal fescue seed treatment with twenty percent of ewe lambs born
to dams on E-/E- treatment and forty percent born to dams on E+/E- treatment
reached pre-breeding targets. No lambs born to dams on E-/E+ or E+/E+
reached both these targets for breeding their first year. Ewes on endophyteinfected fescue experienced delayed conception possibly due to the late onset of
estrus (Bond et al., 1988). Puberty was also delayed in Angus heifers raised on
endophyte-infected fescue as indicated by progesterone concentrations
(Washburn et al., 1989, 1991). Zero percent of heifers on high endophyte-infected
pasture and 32% on low endophyte-infected pasture reached puberty prior to
breeding season. Burke et al., (2002) also concluded that yearling ewes are more
susceptible to the effects of toxic tall fescue and should be maintained on an
alternative forage prior to and during breeding. Ewe lambs born to dams exposed
to E+ fescue seed treatment during LATE gestation may struggle to reach
breeding potential their first year even if exposure only occurred in utero. These
effects would be compounded if exposure continued post-parturition into the first
year breeding season.
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7.5 CONCLUSION
The GG maternal DRD2 genotype may offer a minor advantage in total
lamb birth weight, but this was independent of fescue seed treatment. Therefore,
this specific genotype does not appear to alter tolerance to toxic tall fescue
exposure. Treatment efficacy was established through suppressed prolactin
concentrations and Doppler ultrasound which confirmed jugular vasoconstriction
after E+ treatment. While ewes appear less susceptible to late-term
complications, such as abortion and dystocia, total lamb birth weight was
reduced by 11% or more for ewes exposed to E+ fescue seed during LATE
gestation (E-/E+ and E+/E+). The impact of feeding toxic fescue seed on milk
production was substantial with a 61% reduction for E+/E+ treatment on d 1
post-parturition. Day 2 milk production was reduced for all E+ fescue treatments
(E+/E-, E-/E+, and E+/E+) by 65 – 84% compared to the E-/E- controls.
Additionally, milk production of ewes consuming E+ fescue during MID gestation
(E-/E+ and E+/E+) was reduced at d 21 post-parturition suggesting early
mammary development may have been negatively impacted. The impact of
E+/E+ treatment on lamb birth weight persists through the pre-weaning period
as lambs born to E+/E+ dams have decreased overall ADG and are lighter at
weaning. The percentage of ewe lambs that attained both an appropriate weight
and reached puberty by six months of age, and would therefore have a high
breeding potential, tended to be influenced by maternal fescue seed treatment
with twenty percent of ewe lambs born to dams on E-/E- treatment and forty
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percent born to dams on E+/E- treatment reached pre-breeding targets. No
lambs born to dams on E-/E+ or E+/E+ reached both these targets for breeding
their first year. Exposure to E+ fescue seed treatment reduces birth weight, preweaning growth of lambs, and milk production of dams.
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Table 7.1. Number of ewes that went to parturition by maternal genotype (AA,
AG, GG) and fescue seed treatment (E-/E-, E+/E-, E-/E+, E+/E+)1.
Fescue Treatment (MID/LATE)
Genotype
AA
AG
GG
Total

E-/E3
5
3

E+/E3
7
3

E-/E+
3
6
4

E+/E+
3
8
4

Total
12
26
14

11

13

13

15

52

1Five

ewes had major complications during gestation and were removed from the
study. Two ewes had pregnancy toxemia (both E-/E-; GG), one ewe had
respiratory disease (E+/E-; GG), and two ewes had uterine prolapses (E+/E- and
E+/E+; both AG) that all required veterinary treatment. Two ewes did not lamb
according to the estimated breeding dates and therefore were removed from the
study due to incorrect assignment of treatment according to actual gestation
times (E-/E- and E-/E+; both AA). Two ewes were confirmed pregnant by
ultrasound but never lambed (E-/E+ and E+/E+; both GG).
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Table 7.2. Nutrient composition, on a dry matter basis, of the diet including
total mixed ration (TMR) and endophyte-infected or endophyte-free tall fescue
seed fed during MID or LATE gestation.
TMR Composition:
Corn grain, cracked
Cottonseed hulls
Soybean Hulls
Molasses
Soybean Meal
Limestone

% of ration
35.0
25.0
20.5
14.0
4.5
1.0

Tall Fescue Seed:

Ergovaline +
Ergovalinine,
mg hd-1 d-1
0
1.77

Endophyte-free (E-) seed
Endophyte-infected (E+) seed

kg hd-1 d-1

Total Nutrient Composition:
MID gestation, d 35 – 85
TDN
Crude protein
LATE gestation, d 86 – parturition
TDN
Crude protein

0.98
0.16
1.42
0.22
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Table 7.3. Ewe Blood metabolites at d 85, 105, and 133 of gestation based on maternal genotype AA, AG, or GG at
the DRD2 receptor.
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Ewe (n)
Glucose, mg/dL
85
105
133
Insulin, U/mL
85
105
133
Glucose:Insulin
85
105
133
NEFA, mmol/L
85
105
133
RQUICKI1
85
105
133
1RQUICKI

Maternal DRD2 Genotype
AA
AG
GG
12
12
12

SE

P-Levels
AA vs GG
AG vs. GG

50.23
53.64
45.47

45.85
52.34
54.74

52.84
63.95
65.59

49.6
55.9
56.0

0.74
0.22
0.02

0.39
0.17
0.18

8.38
11.70
12.98

9.91
13.49
13.84

9.49
9.87
13.39

9.3
11.7
13.3

0.45
0.52
0.91

0.77
0.21
0.90

6.91
5.55
3.74

4.92
5.52
5.35

6.11
7.18
6.11

6.0
6.0
5.2

0.53
0.21
0.03

0.36
0.20
0.44

0.27
0.26
0.43

0.24
0.27
0.54

0.34
0.28
0.63

0.28
0.27
0.53

0.34
0.81
0.12

0.19
0.93
0.47

0.55
0.48
0.43

0.53
0.47
0.43

0.49
0.49
0.41

0.52
0.48
0.42

0.09
0.83
0.58

0.25
0.65
0.69

was calculated according to Holtenius and Holtenius (2007).

Table 7.4. Ewe gestation length, lambing rates, lamb birth weight, and udder measurements of ewes with
maternal genotype AA, AG, or GG at the DRD2 receptor.

Ewe (n)
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Parturition Characteristics
Gestation Length, d
Lambing Difficulty1
Predicted lamb number2
Lamb Number Born/ewe
Birth weight, kg/ewe
Prolactin, ng/ml
d 55
d 105
d 133
Parturition
Milk Production
Udder Width, cm
Udder Circumference, cm
Teat Length, cm
D1 Milk Production, g
D2 Milk Production, g
D21 Milk Production, g
1Lambing

Maternal DRD2 Genotype
AA
AG
GG
12
26
14

SE

P-Levels
AA vs GG3
AG vs GG4

145.2
1.58
1.78
1.92
8.40

145.4
1.39
1.75
1.49
8.38

145.6
1.48
1.71
1.68
9.25

2.39
0.77
0.44
0.59
1.11

0.66
0.73
0.76
0.36
0.09

0.79
0.74
0.84
0.39
0.07

1.86
4.62
14.88
73.70

1.90
5.10
15.49
93.69

1.70
3.46
7.17
41.68

2.30
2.64
2.92
2.34

0.79
0.52
0.10
0.23

0.73
0.33
0.04
0.08

17.9
57.3
2.85
744.8
1091.8
550.9

16.9
55.3
3.30
1230.3
1543.6
784.8

20.5
60.8
3.48
1158.7
1333.2
936.2

3.09
10.6
0.99
861.5
1222.6
559.6

0.04
0.58
0.11
0.25
0.66
0.21

<0.01
0.34
0.59
0.82
0.67
0.57

difficulty codes were assigned according to Matheson et al. (2011)
number was predicted from BCF ultrasound scans at d 45 to 60 of gestation. Ewes were only marked as
carrying twins when two fetuses were visualized in the same scan transabdominal scan.
2Lamb

Table 7.5. Maternal body weight, average daily gain, and DMI of ewes fed endophyte-infected (E+) or endophytefree (E-) seed during MID (d 35 – 85) and LATE (d 86 – parturition) gestation.
Fescue Seed Treatment, MID/LATE
E-/EE+/EE-/E+
E+/E+
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Ewe (n)
Ewe BCS1
Ewe BW Change, kg
d 35 – 85
d 86 – 136
Overall, d 35- 136
DMI, kg/d
d 35 – 85
d 86 – Parturition
Overall, d 35 – Parturition
ADG, g/d
d 35 – 85
d 86 – 136
Overall, d 35 – 136

SE
E-/E- vs.
E+/E-

P-Levels
E-/E- vs.
E-/E+

E-/E- vs.
E+/E+

11
3.1

13
3.1

13
3.0

15
2.9

0.49

0.92

0.72

0.41

6.4
19.7
26.0

7.0
21.1
26.0

6.6
19.0
24.2

4.5
17.2
20.4

3.80
4.72
5.31

0.72
0.56
0.97

0.92
0.74
0.49

0.26
0.25
0.03

1.59
2.22
1.94

1.59
2.30
1.98

1.56
2.29
1.96

1.57
2.14
1.89

0.07
0.22
0.14

0.99
0.43
0.49

0.42
0.53
0.73

0.57
0.35
0.33

90.3
383.3
206.7

106.0
404.2
243.5

101.8
364.7
233.2

53.0
332.0
197.4

87.6
85.5
54.7

0.67
0.59
0.67

0.76
0.64
0.77

0.32
0.19
0.92

.
1 BCS

scores prior to the start of treatment (1-5; 1 = thin; 5 = fat; Sheep Prod. Industry Dev. Program, 2016)

Table 7.6. Ewe blood metabolites at d 85, 110, and 133 for ewes fed endophyte-infected (E+) or endophyte-free (E) seed during MID (d 35 – 85) and LATE (d 86 – parturition) gestation
Fescue Seed Treatment, MID/LATE
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Ewe (n)
Glucose, mg/dL
85
105
133
Insulin, U/mL
85
105
133
Glucose:Insulin
85
105
133
NEFA, mmol/L
85
105
133
RQUICKI1
85
105
133
1RQUICKI

SE
E-/E- vs.
E+/E-

P-Levels
E-/E- vs.
E-/E+

E-/E- vs.
E+/E+

E-/E-

E+/E-

E-/E+

E+/E+

9

9

9

9

44.28
57.80
38.89

63.96
63.60
71.37

52.07
61.70
70.46

38.24
43.47
40.34

49.6
55.9
56.0

0.04
0.53
0.002

0.40
0.69
0.002

0.52
0.13
0.87

8.95
11.38
13.59

9.53
7.64
12.05

7.98
12.30
13.81

10.59
15.42
14.16

9.3
11.7
13.3

0.73
0.26
0.72

0.56
0.78
0.96

0.34
0.24
0.89

5.35
5.27
3.06

7.16
8.70
7.23

7.09
7.37
6.33

4.31
2.99
3.65

6.0
6.0
5.2

0.23
0.02
0.002

0.25
0.16
0.01

0.49
0.13
0.62

0.28
0.29
0.61

0.38
0.28
0.64

0.28
0.30
0.47

0.18
0.21
0.42

0.28
0.27
0.53

0.25
0.89
0.80

0.95
0.93
0.34

0.20
0.25
0.20

0.54
0.48
0.46

0.45
0.48
0.38

0.51
0.47
0.40

0.58
0.50
0.45

0.52
0.48
0.42

0.02
0.89
0.09

0.44
0.87
0.13

0.45
0.60
0.83

was calculated according to Holtenius and Holtenius (2007).

Table 7.7. Ewe gestation length, lambing rates, lamb birth weight, and udder measurements for ewes fed
endophyte-infected (E+) or endophyte-free (E-) seed during MID (d 35 – 85) and LATE (d 86 – parturition)
gestation.
Fescue Seed Treatment, MID/LATE
E-/EE+/EE-/E+
E+/E+
Ewe (n)

11

13

13

SE
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E-/E- vs.
E+/E-

P-Levels
E-/E- vs.
E-/E+

E-/E- vs.
E+/E+

0.97
0.28
0.66
0.49
0.24

0.12
0.90
0.37
0.59
0.04

0.15
0.85
0.58
0.62
0.06

<0.001
0.62
0.57
0.67

0.45
<0.001
<0.01
<0.01

< 0.001
<0.001
<0.01
0.03

0.62
0.76
0.10
0.22
<0.01
0.06

0.41
0.03
0.83
0.17
<0.001
0.42

0.54
0.22
0.70
0.02
<0.001
<0.01

15

Parturition Characteristics
Gestation Length, d
146.1
146.2
144.5
144.7
2.39
Lambing Difficulty1
1.42
1.78
1.38
1.36
0.77
2
Predicted lamb number
1.75
1.64
1.97
1.62
0.44
Lamb Number Born/ewe
1.64
1.83
1.80
1.51
0.59
Birth weight, kg/ewe
9.38
8.75
8.23
8.34
1.11
Prolactin, ng/ml
d 55
4.31
0.62
5.70
0.72
2.30
d 105
16.61
1.43
13.07
1.15
2.64
d 133
27.11
5.81
20.49
5.99
2.92
Parturition
146.94 24.78 116.75 44.70
2.34
Lactation Characteristics
Udder Width, cm
19.0
18.4
17.9
18.3
3.09
Udder Circumference, cm
64.0
61.9
49.6
55.9
10.6
Teat Length, cm
3.05
3.75
3.14
2.89
0.99
d 1 Milk Production, g
1537.9 1051.8 990.5
598.3 861.5
d 2 Milk Production, g
3146.5 1088.0 569.1
488.0 1222.6
d 21 Milk Production, g
1230.2 551.4
973.7
273.8 559.6
1Lambing difficulty codes were assigned according to Matheson et al. (2011)

2Lamb

number was predicted from BCF ultrasound scans at d 45 to 60 of gestation. Ewes were only marked as
carrying twins when two fetuses were visualized in the same scan transabdominal scan.
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Table 7.8. Measurements at birth, change in weight, and ADG from birth to weaning for lambs born to ewes fed
endophyte-infected (E+) or endophyte-free (E-) seed during MID (d 35 – 85) and LATE (d 86 – parturition)
gestation.
Fescue Seed Treatment, MID/LATE

SE
E-/E- vs.
E+/E-

P-Levels
E-/E- vs.
E-/E+

E-/E- vs.
E+/E+
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E-/E-

E+/E-

E-/E+

E+/E+

Ewe (n)
Sex (1 = male)
Crown to Rump, cm
Vigor1
Glucose at birth, mg/dL
Weaning weight, kg/ewe

11
1.39
56.7
1.86
82.4
40.9

13
1.53
56.1
1.96
61.6
43.0

13
1.57
55.7
2.19
65.8
41.6

15
1.33
55.2
1.99
51.0
35.7

0.44
4.21
0.83
25.9
6.28

0.51
0.77
0.77
0.31
0.48

0.40
0.61
0.35
0.37
0.83

0.79
0.46
0.71
0.11
0.09

Change in weight, kg/ewe
Birth – d 28
d 29 – 56
d 57-75 (weaning)
Overall, birth to weaning

12.3
12.8
40.9
31.8

13.2
11.4
43.0
34.4

13.6
11.5
41.6
33.1

11.2
9.9
35.7
27.6

3.15
3.25
6.41
6.34

0.67
0.54
0.48
0.40

0.50
0.49
0.83
0.65

0.56
0.14
0.09
0.17

Average daily gain, g/d
Birth – d 28
471.8
462.5
494.9
409.0
85.6
d 29 – 56
456.9
410.1
423.7
358.7
117.5
d 57 – weaning
349.4
472.3
406.0
302.3
155.2
Overall, birth to weaning
434.9
465.5
439.6
366.5
85.7
1Lamb vigor scores were assigned according to Matheson et al. (2011)

0.87
0.56
0.15
0.46

0.66
0.62
0.44
0.91

0.26
0.15
0.54
0.09
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Table 7.9. Body weight, average daily gain, and breeding potential for ewe lambs born to ewes fed endophyteinfected (E+) or endophyte-free (E-) seed during MID (d 35 – 85) and LATE (d 86 – parturition) gestation.
Fescue Seed Treatment, MID/LATE
SE
P-Levels
E-/EE+/EE-/E+
E+/E+
E-/E- vs.
E-/E- vs.
E-/E- vs.
E+/EE-/E+
E+/E+
Ewe lamb (n)
7
12
11
9
Post-weaning BW change, kg
Weaning – d 28
2.34
1.92
2.15
2.43
1.47
0.61
0.81
0.91
d 29 – 56
3.48
2.68
2.85
2.20
2.23
0.53
0.63
0.34
d 57 – 84
3.57
3.89
2.93
3.63
2.05
0.79
0.62
0.96
d 85 – 112
4.12
5.07
3.96
4.8
1.25
0.21
0.84
0.40
1
d 112 – 290
12.30
10.80
13.66
11.84
3.53
0.48
0.55
0.84
Post-weaning ADG, g/d
Weaning – d 28
82.7
67.3
80.7
80.3
50.7
0.59
0.94
0.93
d 29 – 56
124.4
95.8
102.0
78.6
79.5
0.53
0.63
0.34
d 57 – 84
127.5
139.0
104.6
129.7
73.0
0.79
0.62
0.96
d 85 – 112
147.1
181.1
141.4
171.6
44.5
0.21
0.84
0.40
d 112 – 2901
67.22
59.0
74.66
64.67
19.3
0.48
0.55
0.84
2
Puberty Attainment
Age at puberty, d
186.4
188.7
193.3
198.3
14.8
0.78
0.41
0.18
Weight at puberty, kg
92.5
94.2
87.6
90.3
18.2
0.85
0.60
0.82
3
Breeding Potential
60% of adult weight, %
20.00
22.22
40.00
14.29
0.64
Puberty, %
40.00
22.22
40.00
0.00
0.25
Weight and Puberty, %
20.00
0.00
40.00
0.00
0.06
1Post-weaning d 290 is equivalent to d 365 of age.
2As indicated by plasma progesterone concentrations at a threshold of 1.0ng/ml which is indicative of puberty
attainment in ewe lambs (Khalifa et al., 2013; Mattos et al., 2017).

3Breeding

potential was assessed based on whether ewe lambs had reached 60% of adult weight and/or attained
puberty as indicated by progesterone levels at 6 months of age. Analysis was conducted as Chi-squared
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Figure 7.1. Doppler ultrasound of the luminal area of the carotid artery of ewes
at d 123 of gestation, 38 days after the start of LATE gestational treatment. Ewes
on E+ fescue seed treatment during LATE gestation (E-/E+ and E+/E+) had a
reduced (P < 0.001) luminal area of the carotid artery compared to ewes on E-/Etreatment. Ewes on E+/E- fescue seed treatment did not differ (P = 0.50) from E/E- controls
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Figure 7.2. Milk production data as determined by milk test at d 1, d 2, and d d21 post-parturition for ewes fed
endophyte-infected (E+) or endophyte-free (E-) seed during MID (d 35 – 85) and LATE (d 86 – parturition)
gestation. Ewes exposed to E+/E+ fescue seed treatment exhibited a reduction (P = 0.02) in milk production on d 1
post parturition compared to E-/E- treatment. Day 2 milk production was reduced (P < 0.01) for all treatments (E/E+, E+/E-, and E+/E+) compared to the E-/E- control. By d 21 post parturition, milk production for ewes
previously exposed to E+/E+ fescue seed treatment remained reduced (P < 0.01) compared to ewes on E-/Etreatment. Additionally, ewes previously exposed to E+/E- treatment also tended (P = 0.06) to be reduced.
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8.1 ABSTRACT
The consumption of ergot alkaloids found in endophyte-infected tall
fescue [Lolium arundinaceum (Schreb.) Darbysh] reduces prolactin secretion,
induces vasoconstriction, and restricts fetal growth. Further research suggests
that ergot alkaloid exposure slows the remodeling process and alters vascular
development in the ovine placenta similar to that seen in cases of hypoxia and
hyperthermia. Therefore, the objective of this study was to evaluate the impact
that ergot alkaloid consumption has on fetoplacental growth and development at
multiple stages during late gestation in serially harvested ewes. Suffolk ewes
(n=21; 81.2kg ± 7.7) bred to a Texel ram and estimated to be carrying twins were
assigned to endophyte-infected tall fescue seed (E+; 4.14µg ergovaline +
ergovalinine/g seed) or a control diet (CON; 0µg ergovaline + ergovalinine). Ewes
were individually fed CON or E+ seed from d 86 to d 110 or 133 of gestation. A
terminal necropsy was performed and the uterus was exposed through a
midventral incision and the full uterus was tied off, excised proximal to the cervix
and weighed. All uterine components were weighed and placentomes were
evaluated for size, weight, and type. Placentome samples were paraffin embedded
and H&E stained for histological evaluation. E+ fescue seed treatment resulted in
an increase cotyledon weight at d 133 and an increase in the cotyledon
component as a percentage of the full uterus. Fetal villi width, height, and area
were decreased (P ≤ 0.0004) for CON vs E+ at d 110, but there was no difference
between CON and E+ at d 133. Total fetal villi area was reduced (P = 0.04) for
CON compared to E+ at d 110, but was not different (P = 0.94) for CON
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compared to E+ at d 133. There was no difference in the fetal: caruncle weight
ratio based on E+ fescue seed treatment at d 110 or d 133, but the fetal: cotyledon
weight ratio differed (P < 0.001) in CON compared to E+ at d 133 wherein E+
ewes produced 30% less fetus per gram of cotyledonary tissue. It is hypothesized
that the placental insult caused by exposure to ergot alkaloids found in E+ fescue
seed occurs rapidly considering the developmental differences visualized by d
110. While the placenta appears to recover by d 133, the fetal: placental weight
ratio shows decreased efficiency at d 133 for ewes on E+ treatment. This suggests
that previously reported reductions in fetal weight at d 133 and in birth weight
may represent the placenta’s inability to compensate for the earlier period of
restricted fetal growth.
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8.2 INTRODUCTION
Ergot alkaloids found in endophyte-infected tall fescue induces
vasoconstriction in grazing livestock species (Strickland et al., 2011). Ergovaline,
the predominant ergot alkaloid, causes potent and widespread vasoconstriction
and has been shown to constrict the umbilical and uterine arteries (Lyons et al.,
1986; Dyer, 1993). When consumed during gestation, ergot alkaloids lead to
placental insufficiency and intrauterine growth restriction most likely due to
reduced uteroplacental blood flow (Duckett et al., 2014; Britt et al., 2019a;
Greene et al., 2019). Britt et al. (2019a) found that exposure to ergot alkaloids
during late gestation reduced placental mass and led to a 15% reduction in total
fetal weight at day 133 of gestation in ewes. Further research suggested that ergot
alkaloid exposure slows the remodeling process and alters vascular development
in the ovine placenta similar to that seen in cases of hypoxia and hyperthermia
(Britt et al., 2019b). The impacts of ergot alkaloids appear most detrimental
during late gestation when placental remodeling and the majority of fetal growth
occurs. Therefore, the objective of this study was to evaluate the impact that ergot
alkaloid consumption has on fetoplacental growth and development at multiple
stages during the late gestational period in sheep.
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8.3 MATERIALS AND METHODS
All animal experimental procedures were reviewed and approved by the
Clemson University Institutional Animal Care and Use Committee (AUP 2018055). This study was conducted at the Clemson University Small Ruminant
Facility, Pendleton, SC.
Experimental Design
Mature ewes (n=21; 81.2kg ± 7.7) were divided into 3 groups (n = 6 – 9
/group) for estrous synchronization to facilitate a harvest schedule. Each week,
one group of ewes was synchronized using an intravaginal controlled internal
drug release (CIDR) insert (Eazi-Breed CIDR, Zoetis Animal Health) for 7 d.
Upon CIDR removal, ewes were given prostaglandin F2α (12.5 mg i.m.; Lutalyse;
Pfizer, New York, NY) and turned in with a purebred Texel ram (Geneseek,
Myostatin Muscled). To estimate breeding dates, the ram was fitted with a
marking harness and crayon which was changed weekly. Ewes were ultrasounded
transabdominally between d 45 to 60 of gestation (BCF Easi-Scan Portable
Ultrasound Machine, BCF Technology Ltd, Rochester, MN) to confirm pregnancy
and estimate lamb number. Ewes estimated to be carrying twins were assigned to
endophyte-infected tall fescue seed (E+; 4.14µg ergovaline + ergovalinine/g seed)
or a control diet (CON; 0µg ergovaline + ergovalinine). Seed was sampled and
analyzed for ergovaline and ergovalinine content according to Aiken et al. (2009).
All seed cultivars tested negative for ergotamine. Seed was fed to ewes at a total
dose level of ergovaline/ergovalinine (E+ = 1.77 mg hd-1 d-1) per day from d 86
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to d 110 or d 133 of gestation according to Britt et al. (2019a). Nutrient analyses
were performed on seed and TMR samples, and rations were formulated to meet
NRC requirements (NRC, 2007) for gestating ewes. Ewes were individually fed
CON or E+ seed from d 86 to d 110 or 133 of gestation. Two ewes were removed
from the study; one for an incorrect breed date (pretreatment) and one for a
severe kidney infection (CON d133).
Harvest
Ewes were harvested at d 85 (pretreatment control; n = 3), d 110 (n =
4/treatment) or d 133 (n = 4/treatment). Ewes were transported 15 km to the
Clemson University Meats Laboratory for harvest. Ewes were stunned using a
captive bolt and exsanguinated. The uterus was exposed through a midventral
incision and the full uterus was tied off, excised proximal to the cervix and
weighed. A small incision was made in the uterine wall for the collection of
amniotic fluid and removal of each fetus. The fetuses were removed from the sac
and the umbilical cord was clamped and cut.
Placentome Collection
After the removal of the fetuses, any remaining uterine fluid was drained.
Placentomes were removed from the uterine wall and classified by type according
to Vatnik et al. (1991). In cases of an intermediate type, the placentomes were
categorized as the more advanced type. The classification of placentomes
according to morphology was conducted by the same person each time to ensure
consistency. A sample of each available placentome type was collected for
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immunofluorescence and histology. For immunofluorescence, a thin cross section
was collected from the center of the intact placentome using a razor. The cross
section was divided into quarters and then preserved in optimal cutting
temperature (O.C.T) compound through flash freezing for histology. An
additional placentome was halved and stored in formalin until paraffin
embedding. After remaining placentomes were typed and counted, height,
maximum diameter, and minimum diameter measurements were taken on each
placentome. Then the cotyledon and caruncle were carefully separated and
weighed individually.
Histology
Placentome samples were paraffin embedded using a Tissue-Tek VIP 6 AI
Vacuum Infiltration Processor (Sakura Finetek USA, Inc., Torrance, CA).
Samples were sectioned at 8 µm thickness using a microtome and stained
immediately following sectioning. The H&E staining procedure reported here was
utilized in this study to evaluate placental histomorphology. For consistency, type
B placentomes were selected for histological analysis. One ewe had all type A
placentomes so a type A placentome was selected instead. Therefore, fourteen
type B and one type A placentome sample was imaged in brightfield using a Leica
Microsystems (Buffalo Grove, Illinois) M205FCA stereomicroscope coupled with
a Leica DMC4500 color camera. Images were collected using a 1.0X (Numerical
aperture= 0.05) objective with digital zoom, for a final magnification of 20X.
Using the Navigator feature in the Leica LAS-X software, images of the entire
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placentome were collected and stitched together; a shading correction was
applied to achieve an even field of illumination. Measurements, including height,
width, and area, of regions of tissue representative of Wharton’s jelly according to
Stegeman (1972) were performed using the area tracing tool in the Leica LAS-X
software. To demonstrate the appearance of the Wharton’s jelly regions in detail,
additional high magnification images of a subset of samples were collected using
the same microscope at 200X magnification with a 5.0X (numerical aperture =
0.5) objective.
Statistical Analysis
All statistics were conducted using a mixed procedure of SAS version 9.4
(SAS Institute Inc., Cary, NC). Data were analyzed with treatment as fixed effect.
Treatment effects were evaluated using preplanned, a priori contrasts to assess
differences at each stage of gestation regardless of treatment (d 110 vs
pretreatment, d 133 vs d 110) or between treatments (CON vs E+ at d 110 and
CON vs E+ at d 133). Contrast probabilities were considered significant at P <
0.05 with trends at P < 0.10.
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8.4 RESULTS AND DISCUSSION
Uterine Components
Individual components of the full uterus are shown in Table 8.1. The
empty uterus tended (P = 0.06) at d 110 compared to d 85 and at d 133 compared
to d 110. Membrane weight was reduced (P = 0.04) at d 110 compared to d 85.
The cotyledon weight was decreased (P ≤ 0.04) at d 110 compared to d 85 and at
d 133 compared to d 110. There was no difference (P = 0.65) in caruncle weight at
d 110 compared to d 85, but caruncle weight was reduced (P = 0.003) at d 133
compared to d 110. Fetal weight was increased (P ≤ 0.02) at d 110 compared to d
85 and at d 133 compared to d 110. As a percentage of full uterus weight, there
was no difference (P ≥ 0.27) in the empty uterus or membranes at d 110
compared to d 85 or d 133 compared to d 110. The percentage of fluid, cotyledon,
and caruncle decreased (P ≤ 0.002) between d 110 and d 85 and between d 133
and d 110. The percentage of fetus was increased (P < 0.0001) at d 110 compared
to d 85 and at d 133 compared to d 110. Growth of uterine components in sheep
have been well documented (Barcroft and Barron, 1946; Alexander, 1964;
Stegeman, 1972). Membranes, including the chorionic, amniotic, and allantoic
membrane, increase continuously until parturition (Stegeman, 1972). Amniotic
fluid and the fetus both increase in size mostly during the second half of gestation
while weight of the placenta grows rapidly until approximately day 90 and then
declines thereafter (Stegeman, 1972; Ehrhardt and Bell, 1995). Therefore, the
data presented here aligns with previous research wherein the empty uterus,
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membranes, and fluid weight increases over late gestation. Cotyledon weight
experiences a decline as exponential fetal growth begins. Fetal weight increased
by 323% between d 85 and d 110 and by 61% between d 110 and 133. As a
percentage of uterine weight, the uterine fluid, cotyledon, and caruncle decrease
over time as the fetus increases in weight.
Fescue seed treatment had no impact (P ≥ 0.17) on empty uterus, fluid or
fetal weights at d 110 or d 133 of gestation. Membrane weight appeared reduced
(P = 0.04) for E+ treatment at d 110 compared to CON, but there was no
difference at d 133. In contrast, E+ treatment at d 133 had increased (P = 0.04)
cotyledon weight, but there was no difference (P ≥ 0.12) at d 110. Empty uterus,
fluid, caruncle and fetal weight as a percentage of full uterus weight did not differ
(P ≥ 0.16) based on fescue seed treatment. Membrane percentage was decreased
(P = 0.04) for E+ fescue seed treatment at d 110 compared to the CON, but there
was no difference (P = 0.52) at d 133. Cotyledon percentage tended to be
increased (P = 0.05) for E+ treatment at d 133 compared to the control, but there
was no difference (P = 0.60) at d 110. E+ fescue treatment appears to slow
development of membranes at d 110, but growth recovers by d 133. Additionally,
E+ fescue seed treatment resulted in an increased cotyledon weight at d 133 and
an increase in the cotyledon component as a percentage of the full uterus. During
the period of placental remodeling, amorphous connective tissue which fills the
fetal villi is replaced with maternal vascular beds (Barcroft and Barron, 1946;
Stegeman, 1972). It is hypothesized that the weight decrease of the cotyledon over
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time is due to the loss of this connective tissue which contains a high amount of
water. Previous research shows placental remodeling is slowed in the case of
ergot alkaloid exposure which may account for the increase in E+ treatment at d
133 compared to CON (Britt et al., 2019b).
Placentome Characteristics
Placentome characteristics including weight, number, and calculated area
can be seen in Table 8.2. Type A total placentome, cotyledon, and caruncle
weights were reduced (P ≤ 0.004) at d 110 compared to d 85, but there was no
difference (P ≥ 0.48) between d 133 and d 110. Type B total placentome,
cotyledon, and caruncle weights were increased (P ≤ 0.03) at d 110 compared to d
85, but they did not differ (P ≥ 0.19) at d 133 compared to d 110. There was no
difference (P ≥ 0.12) for type C or D total placentome, cotyledon, or caruncle
weights at d 110 or d 133 compared to d 85 or d 110, respectively. Type A
placentome number was decreased (P = 0.01) d 110 compared to d 85 while type
B placentome number was increased (P = 0.01) at d 110 compared to d 85. There
was no change (P ≥ 0.46) in number for type A or type B at d 133 compared to d
110. Type C and D number did not differ (P ≥ 0.25) at d 110 compared to d 85 or
d 133 compared to d 110. Total placentome number was decreased (P = 0.03) at d
133 compared to d 110, but was not different (P = 0.91) at d 110 compared to d 85.
There was no difference (P ≥ 0.28) based on cotyledon, caruncle, or total weight
of any placentome type for E+ fescue seed treatment at d 110 or d 133 compared
to the CON. Placentome number by type did not differ (P > 0.40) based on E+
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fescue seed treatment, but total number tended (P = 0.08) to be reduced for E+
fescue treatment at d 110 compared to the CON. Type A and C placentome area
did not differ (P ≥ 0.10) at d 110 compared to d 85, d 133 compared to d 110, or
based on E+ fescue seed treatment. Type B placentome area was decreased (P =
0.01) at d 110 compared to d 85. E+ fescue seed treatment resulted in larger type
B placentomes at d 133 compared to the controls.
Both type A and B placentome weight and number demonstrate a shift
from a majority of type A placentomes at d 85 to type B placentomes at d 110.
While Vonnahme et al., (2008) previously noted a majority of type A
placentomes at d 130 of gestation, the data presented here aligns with previous
research wherein type B placentomes are most common during late gestation
(Britt et al., 2019a). While the progression of placentome morphology has been
extensively investigated, research has continued to draw mixed results. During
late gestation when the fetal demand for nutrients is at its highest, it is
hypothesized that placentome morphology may shift towards more advanced
type C and D placentomes. This is thought to be especially true in cases of subpar
uterine environments such as cases of undernutrition, undernutrition, and
hypoxia (Hoet and Hanson, 1999; Osgerby et al., 2004; Penninga and Longo,
1998; Vonnahme et al., 2006). It has been speculated that flattening of the
placentome associated with transitioning to more advanced types may enhance
nutrient delivery to the fetus (Osgerby et al., 2004). It’s important to note that
even in cases of adverse intrauterine conditions, morphology is not always
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impacted (Vonnahme et al., 2008). Therefore, overall placentome size appears to
be a better indicator of placental function compared to morphology. Britt et al.,
(2019a) found that exposure to E+ fescue seed treatment during late gestation
reduced total placentome and cotyledon weights, but found no differences based
on weight or number by placentome type. While there was no difference based on
weight or number by placentome type, type B placentome area was increased at
d133 for E+ fescue seed treatment and type B placentomes were the most
common type at d 110 and 133 regardless of treatment.
Fetal villi characteristics
Fetal villi characteristics can be seen in Figure 8.1. Villi width was
decreased (P < 0.0001) for d 110 compared to 85 and d 133 compared to 110. Villi
height was decreased (P < 0.0001) for d 110 compared to 85 and tended (P =
0.06) to be decreased for d 133 compared to 110. Villi area was decreased (P ≤
0.0008) for d 110 compared to 85 and d 133 compared to 110. The ovine placenta
experiences a period of rapid growth in which the fetal villi invade the maternal
stroma of the caruncle (Barcroft and Barron, 1946; Alexander, 1964). The fetal
villi consist of a fetal trophoblast layer that contains large regions of amorphous
connective tissue similar to wharton’s jelly (Barcroft and Barron, 1946;
Stegeman, 1972). As maternal vascular beds develop, the amorphous connective
tissue disappears and only thin strands remain. Minimal research has been
conducted to assess the disappearance of this amorphous connective tissue as the
placenta develops. Fetal villi appear to decrease in width, height, and area in a
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continuous manner from d 85 to d133 of gestation. In the case of fescue seed
treatment, villi width, height, and area were decreased (P ≤ 0.0004) for CON vs
E+ at d 110, but there was no difference between CON and E+ at d 133. This
suggests that E+ fescue seed treatment beginning at d 86 of gestation slows the
process of placental remodeling wherein maternal capillary beds replace large
regions of amorphous connective tissue in order to facilitate nutrient exchange to
the fetus. Figures 8.2, 8.3, and 8.4 include placentome cross sections for E+ and
CON samples at d 85, 110, and 133, respectively, and show a visual representation
of the placental remodeling process.
This remodeling process was also assessed by quantifying the total area of
amorphous tissue within fetal villi on placentome cross sections. This data can be
seen in Figure 8.5. Total fetal villi area per placentome was reduced (P < 0.0001)
at d 110 compared to 85 and tended to be reduced (P = 0.08) at d 133 to 110.
Total fetal villi area was also reduced (P = 0.04) for CON vs E+ at d 110, but was
not different (P = 0.94) for CON vs E+ a d 133. This suggests that exposure to E+
fescue seed treatment starting at d 86 slows progression of placental
development by d 110, but development appears to recover by d 133. Britt et al.,
(2019b) speculated that remaining amorphous connective tissue within the fetal
villi represents undeveloped maternal vascular beds and may be to blame for
reductions in fetal growth.
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Placental efficiency
Placental efficiency as indicated by fetal: caruncle and fetal: cotyledon
weight ratios can be seen in Figure 8.6. The fetal: caruncle weight ratio tended (P
= 0.09) to be increased at d 110 compared to do 85 and was increased (P <
0.0001) at d 133 compared to d 110. There was no difference in the fetal: caruncle
weight ratio based on E+ fescue seed treatment at d 110 or d 133. Fetal: cotyledon
weight ratios were increased (P < 0.001) at d 110 compared to d 85 and at d 133
compared to d 110. Additionally, the fetal: cotyledon weight ratio differed (P <
0.001) in CON compared to E+ at d 133 wherein E+ ewes produced 30% less
fetus per gram of cotyledonary tissue. Placental efficiency, the ratio of fetal
weight to placental weight, is indicative of how well the placenta adapts to meet
the high nutrient demand for fetal growth (Fowden et al., 2009). While there was
no difference in overall fetal weights based on E+ fescue seed treatment most
likely due high variability in fetal weights as well as low sample numbers, the
placental efficiency seems much less variable. While there were no differences in
efficiency present at d 110, the cotyledon of E+ treated ewes appears much less
efficient at d 133, approximately twelve days prior to partition.
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8.5 CONCLUSION
Britt et al., (2019a) speculated that exposure to E+ fescue seed during
gestation resulted in placental insufficiency and subsequent IUGR due to ergot
alkaloid induced vasoconstriction which likely limited blood flow to the uterus.
Further research suggested that this vasoconstriction and potential reduction in
blood flow stunted the placental remodeling process thereby limiting the capacity
for fetal growth, especially during late gestation (Britt et al., 2019b). The data
presented here confirms this theory. E+ fescue during late gestation appears to
increase cotyledon weight at d 133 of gestation which may be due to residual
amorphous connective tissue within the fetal villi as reported by Britt et al.,
(2019b) though there was no difference on placentome cross sections at d 133
with decreased magnification. If increases in amorphous connective tissue are the
reason for increases in cotyledon weight at d 133, this undifferentiated tissue
likely represents undeveloped maternal vascular beds. The width, height, and
area of fetal villi were increased for E+ fescue seed treatment at d 110 compared
to the CON, but those differences do not appear to remain at d 133 suggesting
that the vascular development may partially compensate by d 133 of gestation.
This is also reflected in the total fetal villi area of placentome cross sections
wherein total villous area is increased for E+ treatment at d 110 compared to
CON. Placental efficiency was not altered based on E+ fescue seed treatment at d
110, but by d 133 the cotyledon of CON ewes was producing 30% more fetal
weight. Therefore, it is hypothesized that the placental insult caused by exposure
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to ergot alkaloids found in E+ fescue seed occurs rapidly considering the
developmental differences visualized by d 110. While the placenta appears to
recover to some degree by d 133, the fetus increases in weight by over 300%
between d 85 and d 110 compared to the 100% increase between d 110 and d 133.
If the placental insult stunts fetal development by d 110 of gestation, previously
reported reductions in fetal weight at d 133 and in birth weight may represent the
placenta’s inability to compensate for the earlier period of restricted fetal growth.
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Table 8.1. Uterine components on a weight and percentage basis for serially harvested ewes on E+ fescue seed
treatment during late gestation.
Treatment
Day
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Ewes, n
Uterine Components, g
Empty uterus
Membranes
Fluid
Cotyledon
Caruncle
Fetus
Uterine Components, %
Empty uterus
Membranes
Fluid
Cotyledon
Caruncle
Fetus

CON

E+

SE
d 110 vs
85

P - value
E+ vs
d 133 vs
CON,
110
d110

E+ vs
CON,
d133

85

110

133

110

133

3

4

3

4

4

486.1
226.0
2162.7
968.7
223.1
1075.1

830.2
517.7
3290.2
769.0
145.8
4547.3

945.4
486.2
3073.3
444.7
121.6
7325.5

750.6
317.8
2613.9
623.1
173.8
3549.4

1110.4
569.7
2764.7
666.3
133.6
7722.4

218.7
122.8
877.9
123.3
42.8
1699.3

0.06
0.04
0.21
0.006
0.65
0.02

0.06
0.13
0.95
0.04
0.003
0.002

0.62
0.04
0.30
0.12
0.03
0.42

0.34
0.45
0.69
0.04
0.72
0.76

9.47
4.37
41.84
18.85
4.36
21.12

8.24
5.13
31.93
7.58
2.42
44.70

7.09
4.01
24.50
3.70
0.99
59.71

9.47
3.94
31.92
7.92
2.31
44.43

8.87
4.44
21.25
5.40
1.19
58.85

1.36
0.76
3.65
0.90
0.66
3.01

0.53
0.76
0.002
<0.0001
<0.001
<0.0001

0.27
0.48
<0.001
<0.0001
<0.001
<0.0001

0.22
0.04
0.99
0.60
0.81
0.90

0.16
0.52
0.32
0.05
0.74
0.75

Table 8.2. Placentome weight, number, and area by type for serially harvested ewes on E+ fescue seed treatment
during late gestation.
Treatment
Day
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Ewes, n
Placentome Weight, g
Type A
Cotyledon
Caruncle
Total
Type B
Cotyledon
Caruncle
Total
Type C
Cotyledon
Caruncle
Total
Type D
Cotyledon
Caruncle
Total
Placentome Number
Type A
Type B
Type C

CON

E+

SE
d 110 vs
85

P - value
E+ vs
d 133 vs
CON,
110
d110

E+ vs
CON,
d133

85

110

133

110

133

3

4

3

4

4

531.6
125.5
657.1

23.5
14.2
37.7

3.8
1.3
5.1

73.4
27.9
101.3

36.4
6.8
43.2

194.2
44.7
237.6

0.003
0.004
0.003

0.78
0.48
0.72

0.72
0.67
0.71

0.83
0.87
0.84

107.2
27.7
134.9

536.6
173.3
709.9

330.2
95.9
426.2

460.9
124.1
585.1

515.6
99.4
614.9

215.8
71.6
283.3

0.02
0.03
0.02

0.51
0.19
0.40

0.63
0.35
0.53

0.28
0.95
0.40

131.3
30.6
162.0

139.8
39.1
178.9

101.7
23.2
124.9

74.0
12.9
86.9

111.5
26.9
138.5

145.1
35.2
179.1

0.81
0.85
0.81

0.99
0.96
0.99

0.53
0.31
0.48

0.93
0.89
0.92

188.1
38.4
226.6

66.3
16.1
82.4

0.0
0.0
0.0

14.8
2.2
17.0

2.8
0.5
3.3

132.4
27.3
159.6

0.12
0.14
0.13

0.58
0.54
0.57

0.59
0.49
0.57

0.98
0.98
0.98

58.3
10.7
13.0

7.3
66.8
19.5

1.3
60.0
19.3

19.8
56.5
10.8

8.0
59.3
16.8

22.3
25.5
21.4

0.01
0.01
0.89

0.46
0.88
0.80

0.44
0.58
0.57

0.70
0.97
0.88

Type D
Total Number
Placentome Area, cm3
Type A
Type B
Type C

11.7
93.7

7.0
100.5

0.0
80.7

1.3
88.3

0.5
84.5

9.3
9.3

0.25
0.91

0.44
0.03

0.40
0.08

0.95
0.60

12.0
19.4
21.0

3.5
11.3
15.7

5.4
8.6
8.0

11.3
13.6
6.5

6.8
14.3
9.8

6.1
3.0
6.6

0.32
0.01
0.10

0.77
0.52
0.60

0.16
0.30
0.12

0.86
0.03
0.76
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Figure 8.1. Fetal villi characteristics from placentomes of serially harvested from ewes at d 85, 110, and 133 on
either a control diet (CON) or E+ fescue seed treatment. Villi width (A) decreased (P < 0.0001) for d 110 compared
to 85 and d 133 compared to 110. Width was also decreased (P = 0.0004) for CON vs E+ at d 110. Villi height (B)
was decreased (P < 0.0001) for d 110 compared to 85 and tended (P = 0.06) to be decreased for d 133 compared to
110. Height was also decreased (P = 0.0001) for CON vs E+ at d 110. Villi area (C) decreased (P ≤ 0.0008) for d 110
compared to 85 and d 133 compared to 110. Area was also decreased (P < 0.0001) for CON vs E+ at d 110. There
was no difference between CON and E+ at d 133 for width, height, or villi area.
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0.2
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0.4

CON 110
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0.3

CON 85
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Villi area, mm2
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Villi height, mm

B 0.8

Villi width, mm

A 0.8

Figure 8.2. H&E stained placentome cross sections from d 85 of gestation in
control (CON) ewes.
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Figure 8.3. H&E stained placentome cross sections from d 110 of gestation
representative of (A) control (CON) treatment and (B) E+ fescue seed treatment.
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Figure 8.4. H&E stained placentome cross sections from d 133 of gestation
representative of (A) control (CON) treatment and (B) E+ fescue seed treatment.

A

B

269

Figure 8.5. Total fetal villi area normalized to total placentome area from placentomes of serially harvested from
ewes at d 85, 110, and 133 on either a control diet (CON) or E+ fescue seed treatment. Total fetal villi area per
placentome was reduced (P < 0.0001) at d 110 compared to 85 and tended to be reduced (P = 0.08) at d 133 to 110.
Total fetal villi area was also reduced (P = 0.04) for CON vs E+ at d 110, but was not different (P = 0.94) for CON vs
E+ a d 133.
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Figure 8.6. The fetal: caruncle (A) and fetal: cotyledon (B) weight ratios for ewes at d 85, 110, and 133 on either a
control diet (CON) or E+ fescue seed treatment. Fetal: caruncle weight ratios increased (P < 0.0001) between d 110
and 133 and tended to increase (P = 0.09) between d 85 and 110. Fetal: cotyledon weight ratios were increased (P <
0.001) between d 85 and 110 and between d 110 and 133. The fetal: cotyledon weight ratio was increased (P <
0.001) for CON compared to E+ at d 133.
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Chapter 9

CONCLUSIONS AND IMPLICATIONS

The works presented here demonstrate the detrimental impact that ergot
alkaloids found in endophyte-infected tall fescue have on our grazing livestock
species. Though the severe effects in horses, including dystocia and late term
abortion, have encouraged conversion to alternative equine forages, the majority
of cow-calf operations found in the southeastern US continue to graze endophyteinfected tall fescue year round. The unknown implications for ruminant livestock
species, especially during gestation, led to development of the research presented
here.
There has been considerable effort focused on the development of
endophyte-free and novel endophyte varieties of tall fescue in order to eliminate
the problems associated with the presence of ergot alkaloids. Still, livestock
producers remain hesitant to convert pastures due to cost of renovation,
establishment risk, little faith in alternative varieties or a combination of all the
above. While there are mitigation strategies in place which focus on reducing the
alkaloid load, it’s important to understand that avoiding wild-type endophyteinfected tall fescue is still the best method for optimal productivity and animal
welfare.
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In 1988, Stuedemann and Hoveland stated, “Although much endophyte
research has been done with steers, the majority of tall fescue is utilized by beef
cows and calves. One can only infer or postulate what might be happening to beef
cows and calves as a result of the endophyte presence…” The completion of this
dissertation and the research presented here aids in answering this exact
question.
The consumption of ergot alkaloids suppresses prolactin concentrations
which are especially crucial during gestation. Exposure to ergot alkaloids during
late gestation reduces initial milk production while exposure during mid
gestation may negatively impact mammary development and apparently limits
long term production. This reduces milk production and, in the case of dairy, or
growth, in the case of calves, depending on the method of production.
The reductions in calf and lamb birth weights have long been associated
with exposure to fescue, though the cause could only be speculated. Collectively,
the research suggests that ergot alkaloids found in endophyte-infected tall fescue
restricts uteroplacental blood flow during gestation. The period of placental
remodeling during late gestation appears most affected. As exponential fetal
growth begins, placental remodeling and the development of maternal vascular
beds is crucial for increasing surface area and nutrient exchange. It is likely that
the vasoconstriction associated with ergot alkaloids restricts blood to the uterus
and placenta and stunts placental remodeling and alters vascular development
thereby limiting the capacity for fetal growth. Therefore, the avoidance of
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endophyte-infected tall fescue during late gestation is crucial for adequate
fetoplacental growth and development.
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